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Preface 


This  book  is  designed  for  the  use  of  students  who  have  had  an  intro¬ 
duction  to  organic  chemistry  and  seek  a  mastery  of  the  fundamentals 
of  the  subject.  The  author  believes  that  the  primary  problem  of  the 
advanced  student  is  not  the  acquisition  of  extensive  knowledge  of  the 
many  specialized  fields  of  organic  chemistry  but  rather  the  intimate 
acquaintance  with  facts  and  theories'  which  is  essential  to  success  in 
research.  Accordingly  he  has  sought  to  bring  together  those  features 
of  the  subject  that  constitute  the  least  common  denominator  of  the 
permanent  equipment  of  investigators  in  the  field.  In  other  words,  an 
attempt  has  been  made  to  delineate  the  core  of  the  subject  that  students 
may  be  expected  not  only  to  learn  but  also  to  retain  permanently  in 
mind.  It  is  this  consideration  that  has  caused  emphasis  to  be  placed 
on  the  fundamental  behavior  patterns  of  organic  compounds. 

Although  an  attempt  has  been  made  to  achieve  a  balanced  and  timely 
selection  of  topics,  the  primary  concern  has  been  the  manner  in  which 
they  are  presented.  The  author  has  been  guided  by  the  belief  that  the 
student  who  is  reexamining  facts  and  ideas  will  profit  most  if  they  appear 
in  a  context  which  differs  from  that  familiar  to  him.  For  this  reason 
a  great  deal  of  effort  has  been  expended  in  finding  an  organization  of 
the  subject  matter  that  differs  greatly  from  the  classical  one  to  be  found 
in  elementary  texts. 

In  particular,  attention  is  diverted  from  the  homologous  series  and 
the  misleading  inference  that  reactions  are  general  within  such  a  series. 
As  is  well  known,  the  usefulness  of  a  reaction  in  synthesis  is  generally 
restricted  to  a  relatively  small  part  of  the  total  range  of  its  validity. 
Accordingly,  in  this  book  attention  has  been  directed  for  the  most  part 
to  actual  examples  that  are  of  synthetic  value,  taken  whenever  possible 
from  Organic  Syntheses.  To  emphasize  the  possible  synthetic  value 
yields  have  been  indicated  for  a  large  number  of  reactions. 

In  the  selection  of  the  reactions  to  be  discussed,  the  author  has  been 
guided  chiefly  by  the  interest  shown  in  them  by  research  workers  as 
reveal^  by  current  publications.  The  principal  sources,  references  to 
dnch  appear  m  abbreviated  form  throughout  the  book,  are  the  follow- 

(CR)  Gilm  7T  °n  the/,r09ress  °S  Chemistry  (AR),  Chemical  Reviews 
(CR)  Gilman  s  Organic  Chemistry  (Gilman),  Organic  Reactions  (OR) 

‘  Organic  Syntheses  (OS).  In  addition,  careful  attention  has  been 
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given  to  journal  articles  that  have  appeared  during  recent  years.  In 
the  interest  of  the  student,  most  of  the  articles  cited  have  been  chosen 
from  recent  journals  written  in  English,  many  of  them  being  in  the 
nature  of  leading  references. 

In  the  seven-year  period  during  which  this  book  has  taken  shape, 
contributions  to  its  development  have  been  made  by  numerous  persons, 
most  of  whom  are  or  were  teachers  or  students  at  the  University  of 
Illinois.  Especial  thanks  are  due  to  E.  R.  Alexander,  H.  W.  Hill,  Jr., 
C.  S.  Marvel,  Robert  M.  Ross,  and  H.  R.  Snyder. 

The  formative  period  was  highlighted  by  a  series  of  lectures  given 
by  the  author  in  1947  at  Baytown,  Texas,  as  a  part  of  the  Humble 
Lectures  in  Science,  sponsored  by  the  Humble  Oil  and  Refining  Com¬ 
pany.  In  editing  these  lectures,  which  correspond  roughly  to  Chapters 
II,  III,  IV,  XIII,  XIV,  and  XV,  the  author  had  the  generous  assistance 
of  the  members  of  the  technical  staff  of  the  Company.  He  wishes  to 
make  special  acknowledgment  to  Joe  L.  Franklin,  Joe  T.  Horeczy,  and 
James  C.  Schiller. 

Nearly  all  the  material  contained  in  this  book  was  presented  in  the 
form  of  lectures  to  a  class  of  graduate  students  at  the  Rice  Institute 
during  the  academic  year  of  1947-48.  The  author  is  indebted  to  mem¬ 
bers  of  that  group  for  many  of  the  ideas  that  appear  here.  In  particular 
he  wishes  to  thank  Henry  E.  Baumgarten,  who  has  been  kind  enough 
to  read  the  entire  manuscript. 

Others  who  have  read  parts  or  all  of  the  manuscript  and  who  have 
given  the  author  the  benefit  of  their  advice  are  Richard  T.  Arnold, 
Arthur  C.  Cope,  Charles  L.  Levesque,  William  E.  Parham,  Charles  C. 
Price,  Norman  Rabjohn,  Ralph  L.  Shriner,  and  Philip  L.  Southwick. 

Reynold  C.  Fuson 

University  of  Illinois 
June  1950 
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CHAPTER  I 


INTRODUCTION 


The  study  of  organic  chemistry  can  be  greatly  facilitated  if  it  is 
recognized  that  the  very  large  number  of  reactions  of  organic  molecules 
actually  involves  relatively  few  fundamentally  different  transformations. 
The  types  of  reactions  that  an  organic  molecule  undergoes  are  deter¬ 
mined  by  the  distribution  of  its  electrons.  A  point  of  low  electron 
density  has  an  affinity  for  electrons,  i.e.,  is  electrophilic.  Conversely v a 
point  of  high  electron  density  has  an  affinity  for  atomic  nuclei,  i.e.,  is 
nucleophilic.  Many  reactions  occur  in  such  a  way  that  nucleophilic  and 
electrophilic  centers  are  brought  together.  The  primary  problems  are 
to  identify  the  reactive  points,  i.e.,  the  centers  of  low  and  of  high  electron 
density,  in  molecules  and  to  determine  the  effect  of  adjacent  groups  upon 
them. 

Centers  of  high  electron  density  are  to  be  found  in  nearly  all  molecules 
except  the  paraffins  and  cycloparaffins — the  truly  saturated  compounds. 
Examples  are  the  oxygen  atoms  in  alcohols  and  ethers.  Each  has  two 
unshared  pairs  of  electrons.1 

R-O-H  R-O-R 


1  he  nitrogen  atoms  in  primary,  secondary,  and  tertiary  amines  likewise 
possess  unshared  electron  pairs  and  are  therefore  nucleophilic. 
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A  multiple  linkage  as  in  carbonyl  compounds,  nitriles,  and  unsaturated 
hydrocarbons  may  be  assigned  a  polarized  as  well  as  a  normal  structure 
1  he  polarized  structures,  which  are  considered  to  be  involved  in  most 
reactions,  have  a  point  of  high  electron  density  and  also  one  of  low 
e  ectron  density ,  i.e.,  they  are  electrophilic  as  well  as  nucleophilic.  It 

•Except  in  special  cases  a  line  is  employed  to  represent  an  electron  pair  whether 
the  pair  serves  as  a  bond  or  is  unshared.  wnetner 
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is  to  be  noted  that  polarization  of  the  multiple  link  generates  positive 
and  negative  charges  in  the  molecule. 
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The  carbonyl  group  has  an  electron-poor  carbon  atom  and  an  electron- 
rich  oxygen  atom.  It  is  not  surprising  then  that  certain  aldehydes 
undergo  self-addition,  the  oxygen  atom  of  one  molecule  combining  with 
the  carbon  atom  of  another.  Thus  formaldehyde  is  transformed  into 
s-trioxane  or  polyoxy methylene. 

O 


3CH20  - ►  |  |  s-Trioxane 

G\  /0 

ch2 

ch2o  — >  -  -  ch2och2och2och2o  -  - 

Polyoxymethylene 

This  type  of  behavior  has  been  observed  with  nitriles  also.  Thio- 
aldehydes  and  thioketones  undergo  self-addition  so  readily  that  they 

are  difficult  to  obtain  in  monomeric  forms. 

Reactions  of  saturated  compounds  must  involve  the  rupture  ol  a 
bond,  the  break  occurring  in  two  different  ways.  Homolytic  sym¬ 
metrical)  cleavage  of  a  paraffin  chain,  for  example,  produces  free  radicals. 

R-R  - >  2R- 


Heterolytic  (unsymmetrical)  cleavage  gives  rise  to  a  positive  ion  (cai 

bonium  ion)  and  a  negative  ion  (carbanion).  ... 

Free  radicals  react  in  such  a  way  as  to  obtain  an  additional  electro 
to  pair  with  the  lone  electron  which  characterizes  them.  iey  } 
associate  to  form  saturated  molecules  or  attack  other  mo  ecu  es,  ions, 
"  radicals  to  gain  the  needed  electron.  The  captured  electron  usually 
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brings  an  atom  with  it,  the  result  being  the  generation  ol  a  saturated 
molecule  and  a  new  free  radical. 

(1)  R-  +  R'-  - ¥  R-R' 

(2)  R-  +  R'-H  - >  R-H  +  R'- 

If  one  free  radical  removes  an  atom  from  another,  disproportionation 
results  (p.  160). 


The  Electron-Releasing  Power  of  Atoms  and  Groups 


Qualitative  differences  in  the  behavior  of  functional  units  in  molecules 
may  be  correlated  in  a  useful  way  with  their  power  to  release  electrons 
to  adjoining  atoms  or  groups.  This  power  depends  on  the  inductive 
effect  exerted  by  the  functional  unit  and  on  its  ability  to  form  resonating 
structures  with  adjoining  groups. 

Inductive  effects  are  responsible  for  the  polar  character  of  saturated 
molecules  such  as  methyl  chloride,  in  which  the  electron  pair  joining 
carbon  to  chlorine,  instead  of  being  shared  equally  by  the  two  atoms  as 
in  a,  is  drawn  towards  the  more  negative  atom  as  in  b. 


H 

| 

H 

H 

H-C  :  Cl 

I 

H-C  : Cl 

1 

H-C*  Cl 

i 

H 

H 

i 

H 

a 

b 

5©  5© 
c 

The  result  of  this  effect  is  polarization  of  the  molecule,  the  carbon  atom 
acquiring  a  minute  positive  charge  and  the  chlorine  atom  an  equal 
negative  charge.  Sometimes  such  bonds  are  represented  by  arrows  and 
the  charges  by  5®  and  5©  as  in  c.  Although  inductive  effects  may 
operate  along  a  chain,  they  fall  off  rapidly  in  value,  as  is  illustrated  by  the 
dissociation  constants  of  the  chlorobutyric  acids  (p.  78). 

W  hen  NII2  OH,  and  similar  substituents  are  attached  to  an  unsatu- 

rr(iwrgc;  p?le  01  eivine  op  ^ 


VCH=/CHiCH='CH^-B 

I 


A=CH-CH=CH-CH=B 

5  ®  tQ 

II  5 


Jml  rrr  m.0leCUle  iS  represented  by  the  classical  structure  (I) 
‘  also  by  a  structure  representing  a  polarized  molecule  mi  in  ».f  u 
an  electron  pair  has  passed  from  A  to  B.  (U)  m  whlch 
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It  will  be  noted  that  structures  I  and  II  differ  only  in  the  arrangement 
of  the  electrons.  The  molecule  which  they  represent  is  said  to  possess 
resonance.  In  general,  resonance  is  a  property  of  compounds  the  struc¬ 
tures  of  which  can  be  written  in  two  or  more  equivalent  or  nearly  equiva¬ 
lent  electronic  arrangements.  The  allyl  radical,  for  example,  may  be 
written  in  the  following  equivalent  structures. 

•CH2CH=CH2  4 — >  CH2=CHCH2- 


In  resonance  the  actual  compound  is  not  to  be  thought  of  as  a  mixture 
of  compounds  corresponding  to  the  structures  that  can  be  written  but 
rather  as  a  single  substance  related  to  these  structures.  Experimentally, 
molecules  that  possess  resonance  are  more  stable  than  would  be  expected 
from  their  formulas  as  ordinarily  written.  From  a  consideration  of  the 
inductive  and  resonance  effects  it  has  been  possible  to  arrange  the 
various  functional  substituents  in  a  series  which  corresponds  to  the 
observed  decreasing  influence  of  the  substituents  on  the  reactivity  of 
the  benzene  ring.  The  more  effective  substituents  are  the  familiar 
ortho, para-directing  atoms  and  groups.  Below  them  come  the  meta- 
directing  groups.  The  order  for  a  number  of  the  more  important  atoms 
and  groups  is  the  following. 


-0“ 

-H 

-nh2 

-C6H52 

0 

II 

“OH 

-cch3 

-och3 

1 

o 

to 

-ch3 

-N(CH3)3 

In  other  words,  the  following  benzene  derivatives  stand  in  the  order 
of  decreasing  ease  of  substitution. 


C6H5ONa  C6H6 

c6h5nh2  c6h5-c6h5 


O 


CcH5OH  CcH5CCH3 


C6H5OCH3  C0H5NO2 

CcH5CH3  C6H5N(CH3)3C1 

The  reason  for  this  arrangement  becomes  clear  when  it  is 
aromatic  substitution  generally  involves  attack  by  an 


realized  that 
electrophilic 


2  See  page  6. 
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agent  (p.  1).  Consequently,  this  type  of  substitution  is  facilitated 
by  the  presence  of  groups  that  release  electrons  to  the  ring  and  is 
rendered  more  difficult  by  those  causing  electron  withdrawal. 

It  is  to  be  noted  also  that  the  influence  of  substituents  on  the  reac¬ 
tivity  of  the  benzene  ring  is  reciprocal.  For  example,  the  hydroxyl  group 
is  rendered  more  acidic  and  the  amino  group  less  basic.  In  gencial  the 
character  of  a  group  depends  qualitatively  on  the  electron-releasing  or 
-attracting  power  of  adjacent  radicals.  Effects  are  greatest  when  a  group 
of  high  electron-releasing  power  is  attached  to  one  of  low  electron¬ 
releasing  power.  The  two  groups  tend  to  neutralize  each  other.  Thus 
the  amino  group  in  an  amide  has  lost  the  greater  part  of  its  basicity  in 
releasing  electrons  to  the  carbonyl  group,  which  is  thereby  deprived  of 
most  of  its  power  to  behave  as  a  typical  carbonyl  function. 

One  way  of  depicting  this  type  of  resonance  is  as  follows. 


X 


RC 


RC 


© 


NIL 


© 


It  is  to  be  noted  that  such  effects  may  operate  through  great  distances; 
the  rate  of  saponification  of  benzoic  esters,  for  example,  is  retarded  by  a 
dimethylamino  group  in  the  para  position. 


Knowledge  of  the  relative  powers  of  electron  release  or  withdrawal 
permits  one  to  predict  qualitatively  the  changes  of  properties  that 
accompany  union  of  various  groups.  When  the  hydroxyl  group,  for 
example,  is  joined  to  a  radical  which  withdraws  electrons,  the  electron 
density  about  the  oxygen  atom  is  lowered  and  hence  its  power  to  hold 
the  positive  hydrogen  atom  is  lessened,  i.e.,  the  hydroxyl  compound 
becomes  more  acidic.  Thus,  the  ionization  constant  of  hydroxyl  com- 

™  tT7u  With  the  electron-withdrawing  power  of 'the  attached 

sr8.h  Miitd”1  M  1,1  ,h*  °r 

O 

CH3OH  <  C„H5OH  <  CH3COH  <  no2oh 
The  ability  of  a  carbon  atom  to  release  a  proton  is  influenced  in  a 
ar  Way‘  16  reaCtlvlty  of  a  methy'  groulh  for  example,  is  enhanced 
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by  an  increase  in  electron-withdrawing  power  of  the  attached  group. 
The  following  series  is  illustrative,  the  hydrogen  atoms  (underlined)  of 
the  methyl  group  showing  a  progressive  increase  in  reactivity. 

O 

CH3CH3  <  CH3C6H5  <  CH3CCH3  <  CH3NO2 

The  basicity  of  an  amino  group,  which  may  be  taken  as  a  measure  of 
the  availability  of  the  unshared  electron  pair  on  the  nitrogen  atom,  falls 
off  when  the  amino  group  is  joined  to  a  group  which  withdraws  elec¬ 
trons.  Thus  aromatic  amines  are  much  less  basic  than  ammonia  or  an 
aliphatic  amine.  In  amides  the  basicity  of  the  amino  group  is  very  low 
indeed.  Methylamine,  aniline,  and  acetamide,  accordingly,  form  a  series 
in  which  the  basicity  of  the  amino  group  falls  off  progressively. 


O 

CH3NH2  >  C6H5NH2  >  CH3CNH2 


Many  reactions  of  carbonyl  compounds  involve  a  nucleophilic  attack 
by  the  reagent  at  the  carbon  atom  of  the  carbonyl  group.  The  degree 
of  reactivity  of  the  carbonyl  compound  in  such  reactions  depends,  there¬ 
fore,  on  the  electron  deficiency  of  this  atom.  This  deficiency  is  dimin¬ 
ished  when  the  carbonyl  group  is  joined  to  electron-releasing  groups  such 
as  hydroxyl  and  amino.  In  the  following  series  the  reactivity  of  the 
carbonyl  group  increases  progressively  as  the  electron-releasing  power 
of  the  attached  group  falls  off. 


O 

n 


O 


O 


o 


o  o 


RCNH2  <  RCOH  <  RCOCH3  <  RCCH3  <  RC-CCHg 

The  relation  of  these  various  effects  to  the  relative  releasing  power  of 
the  structural  units  involved  may  be  appreciated  more  readily  by  an 
inspection  of  the  table  on  p.  7,  in  which  the  foregoing  discussion  is 

recapitulated. 

As  will  be  seen  later,  other  effects  (such  as  steric)  sometimes  outweigh 
the  electronic  influence;  this  possibility  must  always  be  borne  in  mind 
in  making  predictions  regarding  variation  of  reactivity  with  structure. 

It  must  be  admitted  that  the  position  of  the  phenyl  group  in  the  table 
is  not  entirely  in  accord  with  the  facts.  For  example,  methyl  ketones 
(RCOCH3)  are  more  reactive  than  the  corresponding  phenyl  ketones 
(RCOC6H5),  indicating  that  the  phenyl  radical  releases  electrons  to  the 
carbonyl  group  more  readily  than  does  a  methyl  group.  ie  on  er 
reactivity  of  the  aryl  ketones  is,  of  course,  ascribed  to  resonance  stabili- 

zation. 
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CLEAVAGE  OF  CARBON-CARBON  BONDS 

The  most  striking  property  of  carbon  is  its  power  of  uniting  with 
itself  to  form  chains  and  rings.  This  characteristic  is  all  the  more 
remarkable  because  the  chains,  exemplified  by  the  paraffinic  hydrocar¬ 
bons,  even  though  of  great  length,  are  very  stable  to  heat.  It  is  this 
stability  perhaps  which  caused  the  paraffins  to  accumulate  during  the 
ages  in  the  form  of  petroleum.  Chemists  may  well  have  argued  that 
compounds  which  had  persisted  undecomposed  through  a  tremendously 
long  succession  of  changes  in  environment  must  be  very  stable  indeed. 
It  would  appear  that  this  belief  on  the  part  of  chemists  prevented  an 
earlier  realization  of  the  potentialities  of  chemical  development  in  the 
petroleum  field.  Since  this  conviction  was  based  chiefly  on  the  appar¬ 
ently  unlimited  power  of  carbon  to  undergo  catenation,  it  is  interesting 
to  note  that  in  such  compounds  as  Polythene  (polyethylene)  are  found 
chains  of  thousands  of  members.  Rubber  has  chains  of  about  100,000 
atoms. 

It  is  now  known  that  by  the  use  of  suitable  temperatures,  pressures, 
and  catalysts,  paraffins  can  be  transformed  readily  and  in  a  variety  of 
ways.  Hydrocarbons  of  almost  any  size,  structure,  or  degree  of  unsatu¬ 
ration  can  now  be  made  from  them  on  a  technical  scale.  Since  the 
unsaturated  hydrocarbons  lend  themselves  readily  to  transformations 
leading  to  the  formation  of  halogen  compounds,  alcohols,  aldehydes, 
ketones,  etc.,  it  is  now  possible  to  prepare  a  wide  variety  of  types  of 
carbon  compounds  from  petroleum.  Many  of  the  important  trans¬ 
formations  of  paraffins  require  changes  in  the  carbon  skeleton  which 
involve  cleavage  of  carbon-carbon  bonds.  It  will  be  appropriate,  then, 
to  consider  that  process  at  this  point. 

Free  Radicals 

If  a  paraffin  were  to  undergo  homolytic  cleavage  of  a  carbon-carbon 
single  bond,  free  radicals  would  be  produced  (Gilman  I,  581). 

R-R  - >  2R- 
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The  search  for  such  radicals  was  among  the  most  interesting  in  the  annals 
of  the  science.  The  idea  probably  had  its  origin  in  the  observation  that 
alkyl  radicals  could  be  transferred  from  one  molecule  to  another  without 
change  The  transfer  was  found  to  be  especially  easy  when  the  radicals 
were  attached  to  metals.  The  alkyl  derivatives  of  lead  may  be  taken  as 
examples.  Tetraethyllead,  the  most  important  organolead  compound, 
is  made  commercially  by  treating  ethyl  chloride  with  sodium-lead  alloy. 

4C2H5C1  +  Pb(Na)4  - >  Pb(C2H5)4  +  4NaCl 


The  transfer  of  radicals  attached  to  lead  has  been  demonstrated  in  a 
very  remarkable  way.  It  has  been  found  that,  when  tetramethyllead 
and  tetraethyllead  are  mixed  in  equal  amounts  in  the  presence  of  a 
catalyst  such  as  aluminum  chloride,  interchange  takes  place  producing 
an  equilibrium  mixture  of  the  following  five  compounds. 


Pb(CH3)4  Pb(CH3)3C2H5  Pb(CH3)2(C2Hs)2 
PbCH3(C2H5)3  Pb(C2II5)4 


The  proportions  of  these  compounds  are  those  to  be  expected  if  a  random 
distribution  of  all  the  alkyl  groups  among  all  the  lead  atoms  had  taken 
place.  During  the  reaction,  which  was  carried  out  at  room  temperature, 
no  degradation  or  loss  of  product  was  observed;  no  heat  or  other  changes 
could  be  noticed  (Gilman  II,  1806). 

Alkyl  Radicals.  The  existence  of  free  methyl  and  ethyl  radicals  was 
established  in  1929-1931  by  Paneth  and  his  coworkers  (Gilman  I,  613). 
To  prepare  free  methyl  they  passed  tetramethyllead  vapors  at  low  pres¬ 
sure  through  a  tube  that  was  heated  at  one  point  (A)  to  600-800°. 
The  lead  compound  decomposed  into  methyl  and  lead,  the  latter  being 
deposited  as  a  mirror  at  the  point  A. 


Pb(CH3)4  - >  Pb  +  4CH3- 

The  presence  of  free  methyl  was  shown  by  the  following  experiment. 
A  mirror  of  lead  was  deposited  at  a  point  B  a  short  distance  from  A, 
and  the  tube  allowed  to  cool. 


Pb(CH3)4  - y  A  B  - ►  2  mm 


Ihe  tube  was  then  heated  at  A  and  introduction  of  tetramethyllead 
resumed.  The  methyl  produced  at  A  was  found  to  remove  the  lead 
mirror  at  B,  reconverting  it  to  tetramethyllead.  Free  methyl  will 
combine  in  a  similar  way  with  zinc,  antimony,  arsenic,  and  other  metals 
Ihe  half-life  period  of  methyl  was  determined  by  moving  the  mirror  B 
away  from  A  until  it  was  no  longer  attacked.  This  meant  that  the 
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methyl  radicals  produced  at  point  A  were  all  destroyed  before  the  gas 
reached  point  B.  By  comparison  of  the  relative  rates  at  which  standard 
mirrors  were  removed  at  various  distances  from  the  source  A,  the  half- 
life  period  of  the  methyl  radical  was  found  to  be  about  0.006  second  at 
a  pressure  of  2  mm.,  which  is  even  less  than  that  of  atomic  hydrogen. 

Free  ethyl  is  produced  from  tetraethyllead  in  a  manner  similar  to  that 
described  for  the  production  of  free  methyl. 

Another  method  for  making  methyl  is  to  decompose  azomethane 
thermally.  At  200°  the  gas  decomposes  by  a  unimolecular  reaction  into 
nitrogen  and  methyl.  The  latter  can  be  detected  in  the  usual  way  by 
use  of  metal  mirrors. 

CH3-N-N-CH3  - »  2CH3-  +  N2 

The  usual  procedure  for  introducing  free  radicals  is  to  add  a  peroxide. 
Thus  acetyl  peroxide  dissociates  to  yield  neutral  acetate  radicals,  which 
in  turn  form  free  methyl  radicals  and  carbon  dioxide. 

(CH3C0)202  ;=±  2CH3COO  •  - »  2CH3  •  +  2C02 

The  chief  reaction  of  methyl  and  of  ethyl  radicals  is  recombination  on 
the  walls  to  give  ethane  and  n-butane,  respectively.  At  higher  tempera¬ 
tures  the  ethyl  radical  also  disproportionates  to  ethane  and  ethylene. 

2CH3CH2  •  - ►  CH2=CH2  +  CH3CH3 

This  change  is  a  dehydrogenation  of  one  radical  by  the  other  and  illus¬ 
trates  the  usual  mode  of  attack  of  a  free  radical.  It  seeks  an  additional 
electron  and,  in  attacking  a  C-H  bond,  takes  the  proton  also.  Methyl 
radicals  have  been  employed  to  dehydrogenate  a  variety  of  compounds. 
The  conversion  of  acetic  acid  to  succinic  acid  is  an  example.1 

ch3-  +  ch3co2h  — >  ch4  +  -ch2co2h 

.  2  -ch2co2h  — >  ch2co2h 

ch2co2h 

If  the  methyl  radical  encounters  a  halogen  compound,  it  may  remove  a 
halogen  atom  instead  of  a  hydrogen  atom.  This  type  of  reaction  occurs 
readily  with  a-bromo  esters,  the  methyl  radical  being  converted  to 
methyl  bromide. 

R  R 

CH3-  +  BrCC02C2H5  - >  -CCOaCsHs  +  CH3Br 

R  R 

1  Kharasch  and  Gladstone,  J.  Am.  Chem.  Soc.,  66,  15  (1943). 
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When  this  type  of  reaction  occurs  in  an  olefin  as  solvent,  the  olefin 
combines  with  the  free  radical,  a  y-bromo  acid  being  produced.  1  bus 
ethyl  bromoacetate  and  1-octene  gives  ethyl  y-bromocaprate.2 

CH3-  f  BrCH2C02C2H5  - >  CH3Br  +  -CH2C02C2H5 

•CH2C02C2H5  +  C6H13CH=CH2  - ►  c6h13chch2ch2co2c2h5 

C6H13CHCH2CH2C02C2H5  +  BrCH2C02C2H5  - * 

cgh13chch2ch2co2c2h5  +  -ch2co2c2h5 

I 

Br 

It  will  be  noted  that  a  single  methyl  radical  may  serve  to  bring  about 
the  condensation  of  many  molecules  of  the  bromo  ester  with  the  olefin, 
since  the  ethyl  acetate  radical  (*CH2C02C2H5)  is  continuously  regen¬ 
erated.  Reactions  of  this  type  are  known  as  chain  reactions. 

There  is  evidence  that  the  decomposition  of  £-alkyl  peroxides  is  accom¬ 
panied  by  the  formation  of  free  radicals.3 

The  formation  of  free  radicals  from  acyl  peroxides  may  have  its 
counterpart  in  the  Kolbe  electrolysis  (p.  216)  in  which  it  is  presumed 
that  the  carboxylate  ion  loses  an  electron  at  the  anode,  becoming  a  free 
radical.  The  free  radical,  by  losing  carbon  dioxide,  would  form  a  hydro¬ 
carbon  free  radical  that  would  undergo  association  to  yield  the  hydrocar¬ 
bon. 

O  O 

n  -  ii  -  —  CO9 

[RC-Oi]-  - ►  RC-O*  — >  R. 


2R 


4  R-R 


A  synthesis  of  1-naphthylacetic  acid  involves  treatment  of  a  mixture 
of  naphthalene  and  acetic  anhydride  with  limited  amounts  of  perman¬ 
ganate,  the  yield  of  acid  being  66%  based  on  the  naphthalene  consumed. 
The  coupling  of  a  free  1-naphthyl  radical  with  an  acetic  acid  or  anhydride 
radical  has  been  suggested  as  a  possible  step  in  the  reaction.4 
Alkylene  Radicals.  Alkylene  radicals  are  also  known.  Pj^rolysis  of 

diazomethane  at  35°-600°,  for  example,  yields  free  methylene  and 

nitrogen. 

ch2n2  — >  ch2  +  n2 

It  has  been  found  that  methylene  removes  tellurium,  antimony,  and 
arsenic  mirrors  but  is  unable  to  attack  a  zinc  or  lead  mirror.  It  has  not 

•Kharasch,  Skell,  and  Fisher,  J.  Am.  Chem.  Soc.,  70,  1055  (1948) 

.  r  T;  ^  Vaughan'  J-Am-  Chem-  Soc.,  70,  1336  (1948) 

Gnehl,  Chem.  Ber.,  80,  410  (1947).  ’ 
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been  possible  to  observe  the  free  ethylene  radical,  -CH2CH2-.  In  this 
connection  may  be  mentioned  the  very  interesting  hypothesis  that 
biradicals  of  the  type  *CH2CH2CH2CH2*  break  down  into  two  ethylenic 
compounds  by  fission  of  the  carbon  chain. 

•CH2CH2CH2CH2-  - ¥  2CH2=CH2 

Criegee  has  shown  that  in  many  instances  in  which  a  1,4-biradical  was 
to  be  expected,  the  products  were  those  that  would  be  formed  by  such  a 
cleavage. 

Examples  of  this  type  of  cleavage  are  the  conversion  of  1,4-diiodo- 
butane  to  ethylene  and  of  diiodotetraphenylbutane  to  diphenylethylene 
when  the  iodine  is  removed  (AR  1937,  231). 


2Na 

ICH2CH2CH2CH2I  - ►  [  CH2CH2CH2CH2  ] 


2CH2=CH2 


C6H5X  /C6H5  2Na 

CCH2CHoC  - ¥ 

tNC«H5 


EeHsx  /C6H5 

CCH9CH9C 

*xc6h5j 

2(C6H5)2C=CH2 


It  is  highly  probable  that  the  oxidative  cleavage  of  1,2-glycols  to 
carbonyl  compounds  by  lead  tetraacetate  or  periodic  acid  follows  a 
similar  course  (p.  239). 


>COH  HI04  >C-0-  >00 

>COH  *  >C-0-  *  >C=0 


Aryl  Radicals.  Benzenediazoacetate  decomposes  spontaneously  at 
room  temperature  to  yield  phenyl  and  methyl  radicals. 


C6H5N=NOCOCH3  - ¥  c6H5.  +  ch3-  +  n2  +  co2 

Similarly,  benzoyl  peroxide  decomposes  slowly  to  produce  carbon 
dioxide  and  phenyl  radicals  (CR  21,  169). 


(C6H5C0)202  - ¥  2C6H5COO  •  - ¥  2C6H5-  +  2C02 

The  effect  of  aryl  groups  on  the  stability  of  the  methyl  radical  is 
remarkable.  Free  benzyl,  which  has  been  shown  to  have  a  transitory 
existence,  can  be  represented  by  five  different  electronic  structures. 


ch2- 

ch2- 
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TRI A  RYLMETH  YLS 


Because  of  the  resonance  one  might  expect  that  the  central  bond  in 
ethane  would  be  weakened  by  the  presence  of  phenyl  radicals,  and  this 
is  found  to  be  true.  Tetraphenylethane  is  readily  cleaved  by  potassium, 
showing  that  the  central  carbon-carbon  bond  is  not  strong. 


C6H5\  /C6H5 

CHCH 

cgb/  xc6h5 


+  2K 


c6h5x 

2  CHK 

c6h/ 


According  to  the  theory  of  resonance,  both  the  normal  and  polarized 
structures  written  earlier  (p.  2)  for  certain  unsaturated  compounds 
contribute  to  the  properties  of  the  actual  molecules,  the  contributions 
of  the  polarized  structures  being  relatively  small  in  comparison  to  those 
of  the  normal  structures.  The  accepted  way  of  describing  the  molecules 
is  to  write  both  structures  and  connect  them  with  a  double-headed  arrow. 
Thus  acetone  and  ethylene  would  be  represented  as  follows. 


CH,  _  CH3  ©  _©  ~  ©  © 

C=Ql  4 - >  Nc-oi  CH2=CH2  4 - »  ch2-ch2 

ch/  ch/ 


The  arrow  on  the  normal  structure  indicates  the  movement  of  the 
electron  pair  necessary  to  produce  the  polarized  structure. 

Triarylmethyls.  In  the  hexaarylethanes  this  weakening  process  has 
increased  to  a  point  where  dissociation  occurs  at  ordinary  temperatures. 
The  energy  necessary  for  the  cleavage  of  the  carbon-carbon  bond  in 
hexapheny lethane  is  only  19  kcal.,  whereas  for  that  in  ethane  itself  it  is 

80  kcal.  (AR  1940,  260).  The  triarylmethyls  are  very  reactive  and 
highly  colored.5 

Hexaphenylethane  in  benzene  solution  dissociates  to  the  extent  of 
about  3%  at  5°. 


(C6H5)3C-C(C6H5)3  - >  2(C6H5)3C* 

There  are  other  hexaarylethanes  in  which  the  dissociation  is  very  large 
reaching  100%  in  such  compounds  as  hexa-p-biphenylethane  (in  the 


C-C 

3 


2 


J 


6  For  an  interesting  account  of  Gomberg’s  discovery 
.  Am.  Chem.  Soc.}  69,  2921  (1947). 


see  Schoepfle  and  Bachmann, 
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CLEAVAGE  OF  CARBON-CARBON  BONDS 


The  remarkable  stability  of  triarylmethyl  radicals  is  ascribed  to 
resonance.  An  inspection  of  the  following  formulas  shows  that  tri- 
phenylmethyl,  for  example,  has  many  different  resonance  structures. 


/• 


H 

In  tri-p-biphenylmethyl  the  number  of  resonance  structures  is  still 
greater.  In  liquid  sulfur  dioxide,  which  is  a  pure  donor  solvent,  hexa- 
phenylethane  is  ionized,  giving  a  solution  that  conducts  an  electric 
current.  The  free  radical  gives  up  an  electron,  yielding  a  positive  ion. 
This  type  of  ion,  as  has  been  indicated  (p.  2),  is  known  as  a  carbonium 
ion. 

(C6H5)3C-  - ¥  (C6H5)3C+ 

Ionization  of  triphenylmethylsodium,  (C6H5)3CNa,  yields  an  ion  in 
which  the  central  carbon  atom  is  trivalent  and  negatively  charged, 
having  eight  electrons ;  as  was  previously  noted,  this  type  of  ion  is  known 
as  a  carbanion. 

The  question  as  to  whether  carbon  can  be  trivalent  may  now  be  re¬ 
examined.  It  is  true  that  in  triarylmethyl  radicals  carbon  is  tiivalent, 
but  that  tells  only  a  part  of  the  story.  In  the  positive  and  negative 
ions  also  the  carbon  atom  is  trivalent.  In  the  free  radical  the  carbon 
atom  has  three  bonds  and  an  unshared  electron;  in  the  carbonium  ion 
there  is  a  deficient  carbon  atom— one  having  only  six  electrons;  and  in 
the  carbanion  the  carbon  atom  has  an  unshared  pair  of  electrons. 


Cracking 

i 

Cleavage  of  carbon  chains  is  the  principal  reaction  occurring  in  the 
cracking  process.  It  may  be  pictured  as  a  fission  of  the  carbon  chain 
followed  by  disproportionation,  producing  one  molecule  ol  a  saturated 
hydrocarbon  and  one  of  an  olefin.  It  is  a  general  rule  that  olefimc  com¬ 
pounds  are  more  readily  cleaved  by  heat  than  the  corresponding  satu¬ 
rated  hydrocarbons.  An  examination  of  the  structures  of  the  oe  ns 
and  their  pyrolysis  products  reveals  that  cleavage  occurs  most  readily 
at  an  attyl  position,  i.e.,  at  a  point  which  will  give  rise  to  a  radical  stabi- 
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lized  by  resonance.  This  generalization  is  equivalent  to  the  Schmidt 
double-bond  rule,  which  states  that  a  double  bond  strengthens  the 

adjacent  single  bond  and  weakens  the  next  following. 

The  pyrolysis  of  cyclohexene  to  butadiene  (p.  17)  and  ethylene  and 
of  mvrcene  and  limonene  to  isoprene  illustrates  the  rule.6 

CHs 

l 


CH3C=CHCH2-tCH2CCH=CH2 


CH3 


OIL 


C1I 


c 


ch2 

V  / 

*’  CH 


cir2 

•i- 

ch2 


cii3c=ch2 

Myrcene  Limonene 

The  Schmidt  rule  is  a  special  case  of  the  general  rule  that  compounds 
of  the  allyl  type  are  more  reactive  than  the  corresponding  saturated 
compounds.  Thus  allyl  alcohol  reacts  with  Lucas’  reagent  (p.  99)  much 
faster  than  does  propyl  alcohol.7  The  benzyl  compounds  likewise  are 
highly  reactive. 

The  occurrence  of  dehydrogenation  in  the  cracking  process  makes  it 
seem  likely  that  cleavage  of  the  resulting  olefins  at  an  allyl  position  is 
important  in  the  breakdown  of  paraffins.  This  process  was  devised  for 
the  purpose  of  converting  high-boiling  petroleum  fractions  into  gasoline. 
In  the  original  process,  which  is  thermal,  the  oil  is  heated  at  tempera¬ 
tures  from  480  to  575°  under  pressures  that  range  above  1000  lb.  per 
sq.  in.  Under  these  conditions  gas  oil  yields  70%  of  motor  fuel  with  a 
74-octane  rating.8  Even  further  improvement  has  been  made  by  the 
use  of  catalysts.  Catalytic  cracking  gives  a  higher  degree  of  unsaturated 
compounds  and  hence  a  gasoline  with  a  high  octane  rating.9  By  this 
method  gas  oil  produces  yields  of  85%  of  a  gasoline  with  an  octane  num¬ 
ber  of  80.  It  should  be  mentioned  that  many  of  the  poorer  grades  of 
ordinary  gasoline  cannot  be  “leaded”  to  an  octane  rating  above  78-80. 
Ihe  high  antiknock  rating  of  cracked  gasolines  is  due  partly  to  the 
presence  of  unsaturated  hydrocarbons  but  chiefly  to  the  substantial 
absence  of  normal  hydrocarbons.  It  is  interesting  that  petroleum  is 
piaetically  devoid  of  olefimc  and  acetylenic  constituents.  More  than 

6  Staudinger,  Klever,  and  Prodrom,  Ber.,  75B,  2059  (1942). 

7  Lucas,  ./.  Am.  Chem.  Soc.,  52,  802  (1930). 

8  Sung,  Brown,  and  White,  hid.  Eng.  Chem.,  37,  1153  (1945) 

Bates,  Rose,  Kurtz,  and  Mills,  Ind.  Eng.  Chem.,  34,  147  (1942). 
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CLEAVAGE  OF  CARBON-CARBON  BONDS 


seventy  hydrocarbons  have  been  isolated  from  petroleum,  all  of  which 
are  paraffins,  cycloparaffins,  or  aromatic  hydrocarbons.10 

In  this  connection  it  is  to  be  noted  that  the  number  of  possible  isomers 
of  the  higher  paraffins  is  very  great  indeed.11  The  following  are  illus¬ 
trative. 

Number  of  Number  of 

carbon  atoms  isomers 


10 

15 

20 

24 


75 

4,347 

306,319 

14,490,245 


The  Houdry  process  employs  a  silica-alumina  catalyst  held  in  a  fixed 
bed.  A  better  process  employs  the  so-called  fluid  catalyst,  which,  in 
the  form  of  a  powder,  is  circulated  with  the  oil.  The  catalysts  contain 
alumina,  silica,  and  varying  amounts  of  other  compounds.12  The  great 
advantage  of  the  catalytic  processes  is  that  they  can  utilize  “heavy 
bottoms”  not  useful  in  the  thermal  process. 

Cracking  is  accompanied  by  other  processes  such  as  cyclization  and 
aromatization.  Differences  in  the  cracking  conditions  lead  to  wide 
variations  in  the  relative  amounts  of  cycloparaffins  and  aromatic  com¬ 
pounds.13 

In  catalytic  cracking  the  amount  of  unsaturated  compounds  is  aug¬ 
mented  by  an  increase  in  the  amount  of  dehydrogenation  which  occurs. 
Although  it  is  not  possible  to  say  what  reactions  take  place  with  a 
mixture  of  hydrocarbons  such  as  are  found  in  gas  oil,  studies  which 
have  been  made  with  pure  hydrocarbons  show  that  rupture  of  the  carbon 
chain  and  dehydrogenation  occur  together.14  For  example,  n-butane 
yields  methane,  ethane,  ethylene,  propylene,  1-butene,  2-butene,  and 
hydrogen  when  heated  at  400-8500.15  It  seems  probable  that  cleavage 

occurs  in  the  following  four  wrays. 

ch3ch2ch2ch3  — >  ch4  +  ch3ch=ch2 

ch3ch3  +  ch2=ch2 
ch3ch2ch=ch2  +  h2 
ch3ch=chch3  +  h2 


1°  Rossini,  Chem.  Eng.  News,  25,  230  (1947). 
u  Francis,  J.  Am.  Chem.  Soc.,  69,  1536  (i947).  ^ 

“  Ottenweller  and  Freeman  ^m37  546  945)  I  Greensfelder  and 

13  Ardern  Newton,  and  Barcus,  Ind.  Eng.  them.,  a/,  o*u  /, 

Vog e  /nd  W  Chem.,  37,  5)4,  983,  1038  (1945);  Greensfelder,  Voge,  and  Good, 

Ind.  Eng.  Chem.,  37,  1168  (1945).  R  ptj  M941) 

ii  McAllister,  Anderson,  Ballard,  and  Ross  J.  Org.  e  , 
is  Hurd  and  Pilgrim,  J.  Am.  Chem.  Soc.,  55,  4902  (1J33). 
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Dehydrogenation  can  be  made  to  predominate  by  the  use  of  chromium- 
aluminum  oxide  catalysts.  Thus,  paraffins  can  be  converted  to  olehns 

in  85-90%  yields.  ,. 

As  by-products  of  the  cracking  process  for  the  production  of  gasoline 

numerous  olefins  have  become  available  in  tremendous  quantities. 
Ethylene,  propylene,  the  butylenes,  and  the  amylenes  are  used  exten¬ 
sively  as  raw  materials  for  the  manufacture  of  alcohols,  glycols,  and  other 
fine  chemicals.  Ethylene  rivals  benzene  in  importance  as  a  raw  material 
in  chemical  manufacture. 

Scarcely  less  important  is  acetylene,  which  is  still  manufactured 
largely  from  calcium  carbide.  During  World  War  II  the  Germans  made 
most  of  their  acetylene  in  this  way.  They  operated  one  plant,  using  the 
arc  process  in  which  hydrocarbons  are  py  roly  zed  in  an  electric  arc. 
Acetylene  can  be  made  also  by  cracking  natural  gas  at  temperatures 
above  1000°.  Since  natural  gas  consists  chiefly  of  methane,  this  process 
involves  condensation  as  well  as  dehydrogenation. 


brick 

2CH4  - ►  HOCH  +  3H2 


Under  suitable  conditions  of  temperature  and  contact  time,  usually 
above  1300°F.  and  below  1  second,  all  normally  liquid  hydrocarbons 
yield  some  butadiene  upon  thermal  decomposition.  Cyclohexane,  for 
example,  gives  a  good  yield  of  butadiene.16  Presumably  cyclohexene  is 
formed  as  an  intermediate. 


ch2=chch=ch2  +  ch2=ch2 


Cyclohexene  is  employed  in  the  preparation  of  butadiene  in  the  labora¬ 
tory  (OS  II,  102;  75%  yield). 

Thermal  decomposition  of  organic  compounds  takes  place  readily  in 
many  instances  and  may  serve  as  a  preparative  procedure.  Important 
examples  will  be  cited  in  connection  with  such  topics  as  dehydration 
(p.  87),  decarboxylation  (p.  210),  loss  of  carbon  monoxide  (p.  387), 

decomposition  of  azo  compounds  (Chapter  XXII),  and  reversal  of  the 
diene  reaction  (p.  66). 

Ihe  thermal  decomposition  of  acetone  differs  greatly  from  the  photo- 

chemical  process  (p.  391);  it  constitutes  a  preparative  method  for  ketene 
production  (OS  I,  330). 

CH3COCH3  - 1  ch2=c=o  +  ch4 

18  Berg,  Sumner,  Montgomery,  and  Coull,  Ind.  Eng.  Chem.,  37,  352  (1945). 
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CLEAVAGE  OF  CARBON-CARBON  BONDS 

Destructive  distillation  ol  certain  complex  naturally  occurring  sub¬ 
stances  is  valuable  in  synthesis.  An  example  is  the  conversion  of 
ricinoleic  acid  to  n-heptaldehyde  and  undecylenic  acid. 

CH3(CH2)5CHCH2CH=CH(CH2)7C02H  - > 

OH 

CH3(CH2)5CHO  +  CH2=CH(CH2)8C02H 

It  is  interesting  that  fusion  with  alkali  cleaves  the  molecule  at  a 
different  point,  yielding  2-octanol  and  a  salt  of  sebacic  acid. 

CH3(CH2)5CHCH2CH=CH(CH2)7C02H  CH3(CH2)5CHCH3 

OH  OH 

/COoNa 

and  (CH2)8 

xC02Na 

Isomerization 

Because  of  the  formation  of  methane,  ethane,  ethylene,  and  other  small 
molecules  the  cracking  of  gas  oil  and  other  higher  petroleum  fractions 
gives  a  large  amount  of  gases  which  are  too  low  boiling  for  use  in 
gasolines.  The  disposal  of  these  gaseous  products  has  been  studied  very 
extensively,  and  methods  have  been  developed  for  condensing  certain 
of  them  to  higher-boiling  hydrocarbons.  The  work  with  the  butane 
fraction  has  been  especially  successful.  The  only  constituent  of  this  frac¬ 
tion  that  is  unaltered  by  treatment  with  sulfuric  acid  is  n-butane.  In 
practice  it  is  either  dehydrogenated  to  butylenes  or  isomerized  to  iso¬ 
butane.  The  isomerization  is  catalyzed  by  aluminum  chloride  or 
bromide.  At  room  temperature  an  equilibrium  is  reached  at  which  the 
mixture  is  about  80%  isobutane  and  20%  n-butane.17 

AlCb 

ch3ch2ch2ch3  ;  —  ch3chch3 

ch3 

The  catalytic  action  of  aluminum  bromide  has  been  found  to  be 

promoted  by  oxygen.18  .  .... 

It  is  generally  believed  that  the  catalytic  activity  of  aluminum  halides 

is  due  to  the  fact  that  the  aluminum  atom  is  an  acceptor,  i.e.,  has  011  y 
six  electrons.  In  the  Friedel-Crafts  type  of  reaction  involving  an  alkyl 

17  Montgomery,  McAteer,  and  Franke,  J.  Am.  Chem.  Soc.,  69,  1768  (1J37). 

18  Oblad  and  Gorin,  Ind.  Eng.  Chem.,  38,  822  (1946). 
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ISOMERIZATION 

chloride,  for  example,  the  aluminum  chloride  is  believed  to  attach  itself 
to  the  chlorine  atom  of  the  alkyl  chloride,  releasing  a  carbonmm  ion. 

Cl  Cl 

R-Cli  +  Al-Cl  - ►  R-C1--A1-C1  - >  R  h  +  A1C14_ 

-  i  1 

Cl  Cl 

When  a  mixture  of  an  olefin  and  hydrogen  chloride  is  employed,  the 
end  result  is  the  same,  the  proton  becoming  attached  to  the  olefin  and 
the  chlorine  atom  to  the  aluminum  chloride. 

It  is  difficult,  however,  to  see  how  aluminum  chloride  can  attack 
n-butane.  Actually,  no  appreciable  reaction  takes  place  at  100°  if  pure 
butane  is  used.  It  has  been  shown  that  under  controlled  conditions 
isomerization  occurs  in  the  presence  of  aluminum  chloride  only  if  a  trace 
of  olefin,  oxygen,  or  water  is  present  also.  To  explain  this  it  has  been 
postulated  that  isomerization  proceeds  by  a  sequence  of  reactions  in¬ 
volving  carbonium  ions.19  The  mechanism  is  similar  to  that  proposed 
for  the  alkylation  reaction  (p.  60). 20 

The  role  of  the  impurity  appears  to  be  to  form  a  carbonium  ion,  which 
initiates  the  isomerization  reaction. 

(1)  CH3CH2CH2CH3  +  R+  CH3CHCH2CH3  +  RH 

(2)  CH3CHCH2CH3  ;=±  ch3chch2+  CH3CCH3 

ch3  ch3 

(3)  CIRCCH,  +  CH3CH2CH2CH3 

ch3 


ch3chch3  +  ch3chch2ch3 
ch3 

Ihe  essential  feature  of  the  isomerization  is  the  rearrangement  of  the 
butyl  carbonium  ion  as  in  equation  2. 

The  behavior  of  the  butyl  carbonium  ions  is  explained  by  reference 
to  a  special  type  of  resonance  known  as  hyper  conjugation  (CR  36  145). 
Hyperconjugation  is  characteristic  of  compounds  which  have  a  hydrogen 
a  ora  alpha  to  a  double  bond  or  other  electron-deficient  unit  and  depends 
on  the  resouanoe  stabilization  of  the  ion  which  is  produced  by  removal 
^  the  hydrogen  atom  as  a  proton.  The  phenomenon  is  similar  to  the 

S°C ’  68>  595  (1946):  PineS  and  Wackher, 
!0  Bloch,  Pines,  and  Schmerling,  J.  Am.  Chem.  Soc.,  68,  153  (1946). 
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stabilization  of  the  allyl  type  of  free  radical  already  noted  (p.  4).  The 

-CHCH-CH-  < — ►  -CH=CHCH- 


effect  of  hvperconj ugation  is  noticeable,  however,  though  far  less  pro¬ 
nounced,  even  when  the  hydrogen  atom  remains  attached.  That  is, 
there  is  a  tendency  for  the  electrons  bonding  the  hydrogen  atom  to  move 
in  the  direction  of  the  electron-deficient  function. 

The  result  of  this  transfer  of  electrons  in  a  butyl  carbonium  ion  is 
stabilization  by  lessening  the  electron  deficit  of  the  trivalent  carbon 
atom.  Since  a  methyl  group  has  three  hydrogen  atoms,  its  stabilizing 
power  is  greater  than  that  of  a  methylene  group.  This  consideration 
provides  an  explanation  for  the  observation  that  the  ^-butyl  carbonium 
ion  is  more  stable  than  the  others. 

It  is  to  be  noted  that  the  mechanism  involves  a  chain  reaction  (p.  11), 
one  carbonium  ion  (R+)  being  sufficient  to  bring  about  the  isomerization 
of  many  butane  molecules. 

One  step  in  an  industrial  process  for  toluene  is  the  isomerization  of 
dimethylcyclopentane  to  methylcyclohexane.  Benzene  is  made  similarly 
by  passing  methylcyclopentane  over  a  molybdena-alumina  catalyst  in 
the  presence  of  hydrogen.21 

Isomerization  of  higher  normal  alkanes  has  also  been  accomplished.22 
Other  changes  occur  too,  the  nature  of  the  product  depending  on  the 
conditions  which  are  employed.  n-Heptane,  for  example,  affords  iso¬ 
butane  in  a  76%  yield  when  heated  at  95-100°  in  the  presence  of  alu¬ 
minum  chloride.23 

“Isomerization”  of  propane  containing  C13  in  an  end  position  has 
also  been  realized.24 


13 

CH3CH2CH3 


13 

ch3ch2ch3 


Isomerization  and  dehydrogenation  may  be  caused  to  occur  in  a  one- 
stage  process.  Thus,  n-butane  can  be  converted  into  a  mixture  of 
butylenes  about  one-fourth  of  which  is  isobutylene.  The  catalyst  con¬ 
tains  a  dehydrogenating  component  (chromia-alumina)  and  an  olefin 
isomerizing  component  (silica-alumina-thoria)  ,25 

The  normal  1-olefins  can  be  isomerized  catalytically  to  branched-chain 
olefins,  which  have  more  satisfactory  fuel  characteristics.  1-Hexene,  for 
example,  at  285-500°  in  the  presence  of  certain  acid  catalysts,  yiek  s 


21  Greensfelder  and  Fuller,  J.  Am.  Chem.  Soc.,  67,  2171  (191o). 

22  Galstaun,  Chem.  and  Mel.  Eng.,  62,  No.  9,  109  (1945). 

23  Grummitt,  Case,  and  Mitchell,  Ind.  Eng.  Chem.,  38, 

»  Beeck,  Otvos,  Stevenson,  and  Wagner,  J.  Chem.  I  hys.,  16,  255  (1J48). 
26  Bloch  and  Schaad,  Ind.  Eng.  Chem.,  38,  144  (1940). 
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methylpentenes  and  lesser  amounts  of  dimethylbutenes,  as  well  as 

higher-  and  lower-boiling  hydrocarbons.26 

It  has  been  found  that  olefins  in  an  olefinic  gasoline  can  be  isomerized 

at  375-425°  with  a  minimum  of  side  reactions.27 

Selective  Demethylation 

It  has  been  demonstrated  that  paraffins  can  be  demethylated  selec¬ 
tively  by  passing  a  mixture  of  the  hydrocarbons  with  hydrogen  over  a 
nickel  or  cobalt  catalyst  at  temperatures  ranging  from  200  to  320°  and 
pressures  from  1  to  50  atmospheres.  A  methyl  group  attached  to  a 
secondary  carbon  atom  is  more  readily  removed  than  one  attached  to  a 
tertiary  carbon  atom.  A  methyl  group  joined  to  a  quaternary  carbon 
atom  is  still  more  difficult  to  remove.  Examples  are  the  following. 


CH3CHCH2CH3 

ch3 

ch3 

ch3c-ch2ch3 

ch3 

ch3 

ch3-c — chch2ch3 
ch3  ch3 


CH3CHCH3j 

ch3 

(92) 

CH, 


ch3ch2ch2ch3 


(8) 


ch3-c-ch3,  ch3chch2ch3 


ch3 

(94) 

CH3 

->  CH3C - CHCH3, 

ch3  ch3 

(90) 


ch3 

(6) 


ch3ch— chch2ch 


I 


I 


3, 


ch3  ch3 

(7) 


CH3 

ch3cch2ch2ch3 

ch3 

*  (3) 


The  figures  in  parentheses  represent  percentages  of  the  total  yield  of 
demethylation  product.28 


Cleavage  of  Alicyclic  Rings 

Weak  carbon-carbon  linkages  are  present  in  the  small  rings  of  the 
alicyclic  series.  Cyclopropane  and  its  derivatives  in  particular  show  a 

“  “ay>  Montgomery,  and  Coull,  Ind.  Eng.  Chem.,  37,  335  (1945) 

a  Tll,l!,r/  and  Mont8°mery.  Ind.  Eng.  Chem.,  38,  734  (1946) 
aensel  and  Ipatieff,  J.  Am.  Chem.  Soc .,  68,  345  (1946). 
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marked  tendency  to  undergo  ring  cleavage  to  yield  open-chain  molecules. 
1  his  type  of  instability  was  foreseen  in  the  early  days  of  the  concept  of  a 
tetrahedral  carbon  atom. 

The  connection  between  aromatic  and  alicyclic  compounds  is  un¬ 
doubtedly  responsible  for  the  fact  that,  of  the  latter  group,  the  six- 
membered  type  was  the  first  to  be  prepared.  Indeed,  until  about  1880 
it  was  generally  supposed  that  rings  smaller  or  larger  than  this  could 
not  exist.  All  attempts  to  synthesize  such  rings  had  been  fruitless,  and 
they  had  not  been  found  in  nature.  Moreover,  there  were  theoretical 
grounds  for  this  opinion;  for  it  was  evident  that  the  smaller  rings  at  least 
could  not  be  made  from  carbon  atoms  having  the  rigid  tetrahedral  form 
that  had  been  used  so  successfully  in  solving  other  structural  problems. 
If  the  four  bonds  of  a  carbon  atom  are  directed  toward  the  vertices  of  a 
regular  tetrahedron,  each  forms  an  angle  of  109°  28'  with  the  others. 
As  a  matter  of  fact,  it  is  impossible,  by  use  of  such  atoms,  to  construct 
any  ring  of  fewer  than  five  members.  The  following  table  shows  the 
angles  which  are  required  for  the  formation  of  the  smaller  rings,  together 
with  the  deviation  in  each  case  of  the  valence  bond  from  the  normal 
position  in  the  regular  tetrahedron. 


Name 


Formula 


Angle  Deviation 


Ethylene  (cycloethane) 

ch2=ch2 

0° 

54°  44' 

Cyclopropane 

ch2-ch2 
\  / 
ch2 

60 

24  44 

Cyclobutane 

ch2-ch2 

ch2-ch2 

ch2-ch2 

90 

9  44 

Cyclopentane 

1  >ch2 

ch2-ch2 

108 

0  44 

Baeyer  Strain  Theory.  An  ingenious  and  very  plausible  solution  to 
the  problem  was  advanced  by  Baeyer,  who  assumed  that  the  norma 
angle  between  the  valence  bonds  of  carbon  was  109  28,  but  that  it 
was  possible  for  this  angle  to  be  altered.  Any  deviation  from  this  ang  e, 
however,  was  supposed  to  bring  about  a  condition  of  strain  which,  accord¬ 
ing  to  the  theory,  was  attended  by  a  corresponding  decrease  m  stability 
The  greater  the  strain  involved,  the  less  would  be  the  stability  of  the 
resulting  compound.  Striking  confirmation  of  this  theory  was  obta 
almost  at  once  by  Perkin,  who  succeeded  in  preparing  a  compel 

containing  the  cyclopentane  ring.  •  it  nos- 

According  to  Baeyer’s  theory,  the  cyclopropane  ring,  since  it  po. 

sessed  great  strain,  should  be  less  stable  than  the  cyclobutane  ring  am 

in  turn  the  latter  should  be  less  stable  than  the  cyclopentane  nng. 


CLEAVAGE  OF  THE  CYCLOPROPANE  RING 


may  be  said  at  once  that,  for  unsubstituted  hydrocarbons  havmg  rmgs 
smaller  than  that  of  cyclohexane,  the  theory  of  Baeyer  is  in  fairly  satis¬ 
factory  agreement  with  the  facts  which  are  known  at  the  present  time, 
although  the  physical  nature  of  the  strain  is  not  yet  fully  understood. 

An  integral  part  of  Baeyer’s  strain  theory  was  that  the  carbon  atoms 
of  the  ring  must  lie  in  a  plane,  and  on  this  basis  he  predicted  that  large 
rings  would  possess  negative  strain.  In  cyclohexane  and  compounds 
containing  large  rings,  the  planar  configuration  required  that  the  angle 
formed  by  the  valence  bonds  be  greater  than  normal  and  that  the 
amount  of  this  stretching  be  greater  in  proportion  to  the  size  of  the  ring. 
This  postulate  was  supposed  to  account  for  the  fact  that  rings  of  moie 
than  six  members  had  not  been  made  or  discovered  in  nature,  and  were 
presumably  very  unstable.  Moreover,  it  implied  that  very  large  lings 


would  be  incapable  of  existence. 

This  part  of  Baeyer’s  theory  has  proved  to  be  misleading  if  not  entirely 
erroneous.29  Since  stable  rings  which  contain  more  than  thirty  members 
are  now  known,  there  is  no  necessity  for  assuming  a  planar  form  for  any 
ring  of  more  than  four  members.  Rings  of  this  type  are  known  as 
strainless  rings.  The  compounds  containing  very  large  carbon  rings  have 
been  made  in  a  variety  of  ways  and  have  been  found  to  possess  stabilities 
comparable  to  those  of  the  corresponding  open-chain  compounds. 

Perhaps  the  best  evidence  of  strain  in  the  smaller  rings  is  found  in  the 
heats  of  combustion.  The  following  table  shows  a  number  of  these 
values.30  The  values  for  the  open-chain  analogs  do  not  differ  appreciably 
from  those  given  for  the  strainless  cycloparaffins. 


Hydrocarbon 

Ethylene 

Cyclopropane 

Cyclobutane 

Cyclopentane 

Cyclohexane 

Cycloheptane 

Cyclopentadecane  (C15H30) 
Cyclotriacontane  (C30H60) 


Heat  of  combustion 
per  CH2  (kcal.) 
170 

168.5 

165.5 
159 
158 
158 
157 
157 


It  is  now  clear  that  covalences  may  differ  with  respect  to  many 
properties  such  as  polarity,  length,  strength,  and  strain. 

Cleavage  of  the  Cyclopropane  Ring.  The  close  resemblance  in  chem¬ 
ical  behavior  of  cyclopropane  and  its  derivatives  to  the  corresponding 

29  Mohr,  J.  prakt.  Chem.,  103,  316  (1922). 

“See  Ruzicka  and  Schliipfer,  Helv.  Chim.  Acta ,  16,  162  (1933). 
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olefinic  compounds  appears  to  offer  the  most  helpful  approach  to  an 
appreciation  of  the  manner  in  which  the  cyclopropane  ring  is  opened  by 
heat  and  by  reagents.  Cyclopropane  is  stable  at  550°  but  at  higher 
temperatures  is  isomerized  to  propylene.  Many  of  its  derivatives  are 
less  stable  toward  heat,  yielding  the  corresponding  propylene  derivatives 
at  much  lower  temperatures.  Cyclopropane  is  reduced  to  propane  by 
the  action  of  hydrogen  in  the  presence  of  nickel  on  kieselguhr ;  under  the 
same  conditions  propylene  is  reduced  somewhat  more  rapidly.  An 
analytical  method  for  determining  the  amounts  of  these  hydrocarbons 
in  mixtures  of  the  two  is  based  on  the  difference  in  the  ease  of  hydrogena¬ 
tion.31 

Hydrogenolysis  of  spiropentane  occurs  preferentially  at  the  bond 
joining  two  methylene  groups.  The  chief  products  are  neopentane, 
isopentane,  and  1,1-dimethylcyclopropane.32 


CH2x  /CH2  CH3\  /CH2  CH3x  /CH3 

I  C  I  +H2 - ►  c  I  ,  C 

CH/  xch2  ch/  xch2  ch/  nch3 


ch3chch2ch3 

ch3 


Hydrogenolysis  of  gre?ft-dialkylcyclopropanes  has  been  found  to  occur 
almost  exclusively  at  the  bond  opposite  the  disubstituted  carbon  atom.33 

R\  /CH2  R\  /CH3 

C  I  +  h2  — ►  c 

R/  \CH2  rx  xch3 

Spiro (2, 5) octane,  made  from  butadiene  and  acrolein,  behaves  similarly. 


CH2 

CH  CH2 

i  4-  ii 
CH  CHCHO 


% 


h2 

CHO 


CH2 

\/ 


ch2o 


/\ 


CHO 


(CH2OH)2 


(CH2Br)2 


31  Corner  and  Pease,  Ind.  Eng.  Chem.,  Anal.  Ed.,  17,  5C4  (l'J45). 

32  Slabev  J-  Am.  Chem.  Soc.,  69,  475  (1947).  « 

33  Shortridge,  Craig,  Greenlee,  Derfer,  and  Boord,  .  m-  em- 

(1948). 


CHj 

CH; 


70,  946 
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Hydrogen  iodide  combines  readily  with  cyclopropane  to  give  n-propyl 
iodide.  Under  these  conditions  propylene  yields  principally  isopropyl 
iodide. 

CH2-CH2  +  HI  - >  CH3CH2CH2I 

\  / 

ch2 

CH3CH=€H2  +  HI  - »  CH3CHICH3 

Bromine  reacts  with  cyclopropane  just  as  it  does  with  propylene,  but 
the  reaction  is  slower  and  the  product  is  the  1,3-dibromide  instead  of 
propylene  bromide. 

CH2-CH2  +  Br2  - ¥  BrCHoCHsCHsBr 

\  / 

CH2 

CH3CH=CH2  +  Br2  - ¥  CH3CHBrCH2Br 


Whereas  cyclopropane  in  these  reactions  is  almost  as  reactive  as  pro¬ 
pylene,  it  differs  notably  from  the  latter  in  being  stable  toward  perman¬ 
ganate  and  ozone.  It  may  be  noted,  moreover,  that  cyclopropane  can  be 
chlorinated  normally. 


CH2 

CH2-CH2  +  Cl2 


cu2 

CH2-CHCI  +  HC1 


The  chlorination  is  cairied  out  most  satisfactorily  by  the  photochemical 
method.34  The  reason  for  this  preference  is  that  the  cyclopropyl  chloride 
from  the  thermal  process  is  contaminated  with  allyl  chloride.  Up  to 
550  (residence  time  0.5  second)  the  isomerization  of  cyclopropane  is 
unimportant.  Cyclopropyl  chloride,  however,  undergoes  ring  opening 
to  a  considerable  extent  at  higher  temperatures ;  hence  the  photochemical 
method  yields  a  purer  product. 

The  ease  with  which  the  ring  opens,  i.e.,  the  ease  with  which  addition 
takes  place,  is  greatly  affected  by  the  nature  and  position  of  substituents 
Carboxyl  groups,  for  example,  seem  to  stabilize  the  ring,  and  this  effect 
is  die  more  marked  if  these  groups  are  on  different  carbon  atoms 
The  cyclopropane  ring  represents  a  site  of  unsaturation  and  has  been 
compared  with  the  ethylemc  function.  Substituted  cyclopropanes  do 
in  fact  undergo  ring  opening  to  yield  the  products  that  would  be  ex¬ 
pected  if  the  Markowmkoff  rule  were  applicable.  For  example,  methyl- 

Mrog*" bromid” 10  yle“ 
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H  H 

CH3-C - C-H  +  HBr  - ►  CH3CHBr 

\  /  i 

C  CH2CH3 

/  \ 

H  H 


Groups  that  withdraw  electrons  produce  the  opposite  effect.  Certain 
addition  reactions  of  cyclopropyl  ketones  and  esters  indicate  that  the 
carbonyl  group,  for  example,  influences  the  manner  of  opening  of  the 
ring  to  produce  effects  that  are  analogous  to  conjugate  addition.35  It 
was  found,  for  example,  that  ethyl  malonate  condensed  with  ethyl 
1,1-cyclopropanedicarboxylate  in  the  following  way.36 

C2H5ONa 

CH2-C(C02C2H5)2  +  CH2(C02C2H5)2  — - ► 

\  / 
ch2 

CH2CH(C02C2H5)2 

CH2CH(C02C2H5)2 

When  cyclopropanecarboxylic  acid  interacts  with  hydrogen  bromide,  the 
product  is  7-bromobutyric  acid. 

CHo-CHC02H  +  HBr  - ►  BrCH2CH2CH2C02H 

\  / 

ch2 

Cyclopropyl  mesityl  ketone  reacts  with  benzene  in  the  presence  of 
aluminum  chloride  to  form  7-phenylbutyromesitylene.37 


CH, 


CH3  pTT 

*  /V112  ^  TT  Aicu 

%COCH  +  C6H6  - ► 


CH3 


XCH< 


CH? 


cna/  ^coch2ch2ch2c6H; 


CHr 


Cleavage  of  the  Cyclobutane  Ring.  Cyclobutane  is  transformed  into 
butane  by  catalytic  hydrogenolysis  at  120°,  thus  requiring  somewhat 
more  drastic  treatment  than  cyclopropane,  which  passes  into  propane 
under  these  conditions  at  80°.  On  the  other  hand,  cyclopentane  is 
opened  by  catalytic  hydrogenolysis  only  at  300°.  From  the  stand  pom 
of  the  tendency  to  absorb  hydrogen  in  the  presence  of  a  catalyst  the 
simple  cycloalkanes  fall  in  the  order  ethylene  >  cyclopropane  >  cytlo- 

»  Kohler  and  Conant, ./.  Am.  Chem.  Soc.,  39,  1404,  1699  (1917). 

m  Bone  and  Perkin,  J.  Chem.  Soc.,  67,  108  (1895). 

ti  Fuson  and  Baumgartner,  J.  Am.  Chem.  Soc.,  70,  3255  (1948). 
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butane  >  cyclopentane;  that  is,  of  course,  in  complete  harmony  with 
the  requirements  of  strain  theory. 

In  view  of  the  behavior  of  1,4-biradicals  it  is  not  surprising  that,  when 
cyclobutane  rings  are  cleaved,  they  usually  dissociate  into  two  molecules 
of  olefinic  character.  An  example  is  the  thermal  dissociation  of  a-truxil- 
lic  acid  to  cinnamic  acid. 


H02C 

c6h5 


c6h5 

co2h 


»  2C6H5CH=CHC02H 


t 


CHAPTER  III 


ALIPHATIC  SUBSTITUTION 

The  most  important  type  of  substitution  reaction  in  the  paraffin  series, 
halogenation,  is  usually  effected  photochemically.  In  this  field  the 
assumption  of  the  intermediate  formation  of  free  radicals  or  atoms  con¬ 
taining  an  unpaired  electron  offers  a  mechanism  which  is  readily  recon¬ 
ciled  with  the  experimental  data.  A  characteristic  of  transformations 
of  this  type  is  that  they  may  become  chain  reactions.  The  atom  or 
radical  which  possesses  an  unpaired  electron  attacks  a  molecule  which, 
as  a  result  of  the  electron-pairing  process,  is  left  with  an  unpaired  elec¬ 
tron  and  in  its  turn  attacks  another  molecule.  Thus  a  chain  is  set  up 
which  will  be  terminated  only  when  two  particles  having  unpaired  elec¬ 
trons  meet  and  interact. 

An  example  of  a  chain  reaction  involving  atoms  with  unpaired  elec¬ 
trons  is  the  photochemical  interaction  of  hydrogen  and  chlorine.  A 
molecule  of  chlorine  absorbs  a  quantum  of  light  energy,  dissociating  into 

atoms. 

CI2  +  hv  - >  2C1- 

The  reaction  then  proceeds  by  the  chain  mechanism. 

Cl-  +H2  - ►  HC1  +  H- 

H.  +C12  - >  HC1  +  C1- 


Chlorination 

The  chlorination  of  paraffins  takes  place  by  a  chain  reaction  of  a 
similar  type. 

Cl2  +  hp  - ►  2C1  ■ 

ci-  +  c2h6  — >  c2h5-  +  hci 
c2h5-  +  ci2  — y  C2H5CI  +  ci- 

Studies  of  the  chlorination  of  ethane  and  propane  at  ^  temperatures 
indicate  that  the  chains  are  initiated  by  free  radicals.  Thus  ethane  and 
chlorine  will  react  very  rapidly  at  132°  in  the 

whereas  without  the  catalyst  no  reaction  occurs  at  this  tempeiatuie. 

28 


CHLORINATION 


29 


In  a  similar  manner  propane  can  be  chlorinated  at  136-140°  if  a  small 
amount  of  tetraethyllead  is  admitted  to  the  reaction  chamber.  Azo¬ 
methane  has  a  similar  catalytic  effect  on  the  chlorination  of  n-butane. 
Even  hexaphenylethane  has  been  shown  to  serve  as  a  catalyst  in  such 
reactions.  n-Pentane  has  been  chlorinated  easily  at  25°  in  the  dark  when 
a  trace  of  triphenylmethyl  was  present  in  the  solution,  the  reaction  being 
carried  out  in  the  liquid  phase.  It  is  of  exceptional  interest  that  in  each 
of  these  cases  the  reaction  does  not  take  place  until  the  free  radical  is 
introduced.  Also,  the  reaction  ceases  at  once  if  a  little  oxygen  is  passed 
into  the  mixture,  destroying  the  free  radical. 

Direct  chlorination  of  paraffins  is  rarely  used  to  prepare  the  corre¬ 
sponding  alkyl  halides  because  the  reaction  is  difficult  to  control  and 
invariably  produces  a  mixture.  Isopentane,  for  example,  may  yield  four 
monochloro  derivatives. 


CH3CHCH2CH2C1  CH3CHCHCICH3  CH3CC1CH2CH3 


ch3 


ch3 


ch3 


cich2chch2ch3 

ch3 


These  in  turn  give  dichloro  and  polychloro  derivatives,  the  number  of 
products  being  very  large.  No  process  has  yet  been  devised  by  which 
any  one  of  these  compounds  can  be  made  to  predominate. 

A  commeicial  method  (Sharpies)  has  been  developed  for  controlling 
the  chloi  ination  of  a  mixture  of  pentanes  so  that  the  product  consists 
largely  of  monochloro  pentanes.  It  is  the  jet  process,  in  which  preheated 

reactants  are  brought  together  at  a  temperature  at  which  reaction  is 
extremely  rapid. 


Ihe  chlorination  of  methane,  which  cannot  give  rise  to  isomeric 
chlorides,  has  long  been  regarded  as  a  commercially  feasible  route  to 
methyl  chloride,  methylene  chloride,  chloroform,  and  carbon  tetra¬ 
chloride  Methane  can  be  obtained  very  cheaply  in  Texas,  and  chlorine 
is  normally  one  of  our  less  expensive  raw  materials.  Rv  fhB 


W1J"CUC  "munue  are  Manufactured  by  chlorinating  ethane. 


2  1\/T  T>  1  TT  X  IvU/,  Infill,  fl 

lcBee  and  Hass,  Ind.  Eng.  Chem.,  33,  137  (1941). 
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3  he  salt-bath  method  of  chlorinating  consists  in  passing  the  reactants 
through  a  molten  salt  bath  made  up  of  low-melting  mixtures  of  sub¬ 
stances  such  as  the  chlorides  of  sodium,  calcium,  and  aluminum.  It  is 
understood  that  vinylidene  chloride,  used  in  making  the  textile  fiber 
Saran,  is  produced  by  chlorinating  ethylene  chloride  in  a  salt  bath. 
The  salts  favor  the  elimination  of  hydrogen  chloride. 


CH2C1  CHC12 
ch2ci  ¥  CH2C1 


CC12 

II 

ch2 


Certain  generalizations  can  be  made  concerning  the  chlorination  of 
saturated  hydrocarbons  in  the  absence  of  catalysts.  One  is  that  the 
replacement  of  a  tertiary  hydrogen  atom  is  easier  than  that  of  a  second¬ 
ary  hydrogen  atom,  which  in  turn  can  be  replaced  more  readily  than  a 
primary  hydrogen  atom.  At  300°  the  relative  rates  are  primary,  1.00; 
secondary,  3.25;  tertiary,  4.43.  As  the  temperature  is  raised,  these 
ratios  approach  the  value  1:1:1;  i.e.,  at  higher  temperatures  replacement 
tends  to  become  purely  random.  It  has  also  been  observed  that  when  a 
second  chlorine  atom  enters  the  molecule  it  prefers  not  to  attach  itself 
to  the  carbon  atom  which  already  holds  a  chlorine  atom  or  to  an  adjacent 
carbon  atom. 

These  generalizations  may  be  explained  on  the  assumption  that  the 
free  radical  attack  of  the  halogen  occurs  preferentially  in  such  a  manner 
as  to  create  the  most  stable  organic  free  radical.  Thus  tertiary  hydrogen 
is  removed  in  preference  to  secondary,  which  in  turn  is  more  vulnerable 
than  primary  hydrogen. 

The  influence  of  halogen  atoms  on  the  orientation  of  the  attack  may 
be  explained  in  terms  of  simple  inductive  effect.3  The  strong  attraction 
of  chlorine  for  electrons  in  1-chlorobutane,  for  example,  imposes  re¬ 
straint  on  the  electrons  of  the  butyl  group,  the  effect  decreasing  with 

distance 

Functional  groups  that  are  meto-directing  in  the  benzene  series  like¬ 
wise  render  the  adjacent  methylene  group  less  vulnerable  to  attack  and 
cause  halogenation  of  the  free  radical  type  to  occur  preferentially  at 
more  distant  points.  Thus  peroxide-catalyzed  chlorination  of  n-butyry 
chloride  produces  only  3%  of  the  alpha  derivative  and  49%  and  48  %, 

respectively,  of  the  beta  and  gamma  isomers.3 

Olefins.  Although  olefins  normally  combine  additively  with  halogens, 
substitution  can  be  effected  also.  Under  suitable  conditions  halogenation 
occurs  readily  at  an  allyl  position.  For  example,  when  propylene  and 
chlorine  are  preheated  and  mixed  in  a  jet  at  600°,  allyl  chloride  is  formed 

in  yields  of  82%. 

3  Ash  and  Brown,  Record  Chem.  Progress ,  9,  81  (1948). 
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600° 

ch2=chch3  +  Cl2  — >  CH2=CHCH2C1  +  HC1 

Isobutylene  under  similar  conditions  gives  methallyl  chloride  in  a  97% 
yield. 

ch2=cch3  +  Cl2 - >  CH2=CCH2C1  +  HC1 

ch3  ch3 

The  tendency  of  olefins  to  undergo  substitution  varies  with  the  structure 
in  the  following  order:  ethylene  <  propylene  <  2-butene  <  2-pen- 
tene  <  isobutylene.  The  optimum  temperature  is  300-600°,  and  the 
yields  increase  with  the  temperature. 


Bromination 


Bromine  has  always  been  too  expensive  to  find  extensive  use  on  a 
commercial  scale.  Thus  the  bromination  of  hydrocarbons  has  not  been 
studied  extensively.  The  data  at  hand,  however,  show  it  to  be  quali¬ 
tatively  similar  to  chlorination. 

AHyl  and  methallyl  bromides  have  been  produced  by  bromination 
of  propylene  and  isobutylene  under  conditions  similar  to  those  employed 
for  producing  the  corresponding  chlorine  compounds. 

A  superior  procedure  for  bromination  in  the  allyl  position,  developed 
by  Ziegler  (CR  43,  271),  consists  in  treating  the  compound  with  N- 
bromosuccmimide,  usually  in  boiling  carbon  tetrachloride.  By  this 
procedure,  for  example,  cyclohexene  is  converted  to  3-bromocyclohexene. 


CH2COx 

NBr 

CH2CCK 


CH2CO\ 

NH 

CH2CCK 


Methyl  crotonate  and  methyl  d-methylcrotonate  afford  the 
mg  y-bromo  esters  in  high  yields.4 


correspond- 


CH3CH  CHC02CH3  - y  BrCH2CH=CHC02CH3 

CH3C=CHC02CH3  — -»  BrCH2C=CHC02CH3 
CH3  CH3 


The  presence  of  benzoyl  peroxide  has  been 
of  reaction.  Methyl  sorbate  under  these 
e-bromosorbate.5 


found  to  promote  this  type 
conditions  yields  methyl 


ch3ch=chch=chco2ch3 

4  Ziegler,  Spath,  Schaaf,  Schumann 
Karrer  and  Schwyzer,  Helv.  Chim. 


>  BrCH2CH=CHCH=CHC02CH3 

and  Winkelmann,  Ann.,  55,  80  (1942) 

Ada,  29,  1191  (1946). 
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Fluorination 


Interest  in  the  introduction  of  fluorine  into  organic  compounds  was 
greatly  stimulated  by  the  development  of  certain  chlorofluoro  compounds 
as  safety  refrigerants.  They  are  known  collectively  as  “Freons.”  Early 
studies  indicated  that  the  fluorination  of  organic  compounds  proceeded 
with  explosive  violence.  Later,  procedures  were  developed  by  which 
direct  fluorination  could  be  controlled  so  as  to  give  definite  substances 
(CR  40,  51).  Fluorine  diluted  with  nitrogen  was  mixed  with  the  hydro¬ 
carbon  between  two  suitably  heated  copper  gauzes.  As  an  example 
may  be  taken  methane,  which  may  be  made  to  yield  the  following 
compounds. 

CH3F  ch2f2  chf3  cf4  c2f6  c3f8 


All  these  products  can  be  accounted  for  on  the  basis  of  a  free  radical 
chain  mechanism  similar  to  that  employed  to  explain  the  chlorination 

of  paraffins. 

F2  - >  2F- 

CH4  +  F-  - >  CH3.  +  HF 

CH3-  +  F2  - >  CH3F  +  F- 

The  chain  reaction  continues  until  CF4  is  formed.  The  C2F6  may  be 

produced  in  the  following  manner. 

CHFs  +  F-  - ►  CF3-  +  HF 


2CF 


3* 


c2f6 


Similar  results  were  obtained  with  higher  hydrocarbons.  Fragmentation 

Because  of  the  need  for  highly  inert  liquids  in  connection  with  the 
development  of  atomic  energy  a  great  amount  of  effort  was  dev  otec 
during  the  war  years  to  the  discovery  of  methods  for  the  production  of 
fluorocarbons ,  i.e.,  compounds  containing  only  carbon  and 
method  of  direct  fluorination  with  elementary  fluorine  ivas 
that  it  affords  excellent  yields.  The  hydrocarbon  vapor 'and l  the 
are  each  diluted  with  nitrogen  and  are  mixed  gradua  y  P 

of  fine  copper  turnings  or  ribbon,  coated  with  a  thin  aye of  fluoi.des  of 

silver  A  slight  excess  of  fluorine  is  employed,  and  y 

,  r  ooc°  This  procedure  has  been  used  to  piepa  e 
at  a  temperature  of  140-325  -  I M  pro  f  perfluorobutane 

straight-  or  branched-chain  fluorocarbons  rang  ng  P 
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to  perfluorohexadecane  and  naphthenic  fluorocarbons  from  CeFi2  to 

C18F36. 

In  1942  it  was  discovered  that  similar  results  could  be  obtained  by 
passing  hydrocarbon  vapors,  diluted  with  nitrogen,  over  certain  metal 
fluorides  at  200-300°.  The  most  satisfactory  of  these  fluorides  is  cobalt 
trifluoride  (CoF3).  By  its  use  perfluoroalkanes  up  to  C2iF44  were  pro¬ 
duced.  The  process,  known  as  the  Fowler  method,  is  very  practical, 
affording  yields  from  40  to  95%,  depending  on  the  hydrocarbon  employed 
(AR  1947,  86)  .6 

Many  fluorocarbons  and  their  derivatives  can  be  produced  directly 
from  organic  compounds  and  hydrogen  fluoride  by  a  one-step  electrolytic 
process  carried  out  at  low  temperatures.7 


Side-Chain  Halogenation 

Halogenation  of  a  paraffin  is  greatly  facilitated  by  an  aryl  substituent, 
which  activates  the  adjacent  hydrogen  atoms.  The  alpha  position  in 
ethylbenzene,  for  example,  is  readily  attacked  by  chlorine  or  bromine. 
Halogenation  of  aromatic  hydrocarbons  carrying  side  chains  usually 
can  be  made  to  proceed  exclusively  on  the  ring  or  in  the  side  chain  by 
proper  control  of  conditions.  The  presence  of  iron  (ferric  halide)  as  a 
“carrier”  favors  nuclear  halogenation,  whereas  heat  and  light  in  the 
absence  of  the  carrier  cause  lateral  halogenation.  Thus,  by  the  photo¬ 
chemical  process  toluene  may  be  chlorinated  readily  to  give  benzyl 
chloiide  and  benzal  chloride.  The  introduction  of  chlorine  proceeds  with 
increasing  difficulty,  however;  benzotrichloride  is  difficult  to  form— a 

fact  which  accounts  for  the  success  of  the  chlorination  process  for 
benzaldehyde. 


C6H5CH3  - >  C6H5CH2C1  - >  C6H5CHC12  - >  C6H5CC13 

The  difficulty  of  attaching  a  second  halogen  atom  to  a  carbon  atom  is 
illustrated  by  the  behavior  of  o-xylene  toward  bromine;  it  yields  first 
o-xylyl  bromide,  then  o-xylylene  bromide. 


V 


CH3 

ch3 


%CH2Br 

VCH3 


r\CH2Br 


CH2Br 


treSwthonTml"  n"  ^  ^  °f  ^toob»zyl  bromide  wher 
eated  with  one  mole  of  bromine  at  145-150°  (OS  II,  443). 

8  Ind.  Eng.  Chem.,  39,  236-433  (1947). 

7  Simons,  J.  Electrochern.  Soc.,  96,  47  (1949). 
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0 

a 

0 0 

CHoBr 

y\ 

+  Br2  - ► 

+  HBr 

k/ 

k/ 

N02 

no2 

A  similar  yield  of  p-bromobenzal  bromide  is  obtained  by  treating 
p-bromotoluene  with  two  moles  of  bromine  at  temperatures  up  to  150° 
under  an  unfrosted  150-watt  tungsten  lamp  (OS  II,  89). 


ch3 

CHBr2 

T  2Br2  - ^ 

% 

+  2HBr 

k/ 

k/ 

Br 

Br 

Under  similar  conditions  p-xylene  can  be  converted  to  a, a, a', a'- tetra- 
bromo-p-xylene  (OS  20,  92;  55%  yield). 

With  more  sensitive  rings  side-chain  halogenation  is  difficult  or  im¬ 
possible.  If  the  ring  holds  sensitizing  groups  such  as  hydroxyl  or  amino, 
only  nuclear  halogenation  occurs.  Thus,  even  in  the  absence  of  a  caniei, 
p-cresol  reacts  rapidly  with  bromine  to  give  the  dibromo  derivative. 


CH3 

A 

-f-  2Br2 


\/ 

OH 


CH3 

A 

Bi\^Br 

OH 


+  2HBr 


N-Bromosuccinimide  is  effective  in  side-chain  bromination  if  employee 
with  benzoyl  peroxide.8  For  example,  toluene  affords  benzyl  bromide  in 
a  64%  yield.  Similarly,  1-methylnaphthalene  and  3-methylthiophene 
yield  1-bromomethylnaphthalene  and  3-thenyl  bromide,  respective  y. 


Chlorination  with  Sulfuryl  Chloride 

Sulfuryl  chloride  is  a  useful  reagent  for  chlorination  of  aromatic  as 
as  well  as  aliphatic  compounds*  This  reagent  is  formed  by  the  com¬ 
bination  of  sulfur  dioxide  and  chlorine  at  low  temperatures;  the  reaction 

can  be  reversed  by  heat. 

S02  +  Cl2  S02C12 

.  Schmid  and  Karrer,  Helv.  Chim.  Acta,  29,  573  (1946);  Buu-Hol  and  Lccocq, 

J.  Chem.  Soc.,  830  (1946).  e  70  1555  (1948). 

9  Campaigne  and  LeSuer,  J.  Am.  Chem.  Soc.,  70,  1555  {1.  ) 

10  Brown,  Ind.  Eng.  Chem.,  36,  7S5  (1944). 


HALOGENATION  OF  ACTIVE  METHYLENE  COMPOUNDS  35 

In  the  aliphatic  series  chlorination  is  carried  out  by  boiling  the  com¬ 
pounds  with  sulfuryl  chloride  in  the  presence  of  a  small  amount  of 
benzoyl  peroxide. 

RH  +  S02C12  - >  RC1  +  S02  +  HC1 

peroxide 

Presumably  the  peroxide  acts  upon  the  sulfuryl  chloride  to  generate 
free  chlorine  atoms.  The  method  is  particularly  useful  for  chlorination 
of  side  chains  of  compounds  containing  sensitive  nuclei.  Thus,  toluene 
gives  a  nearly  quantitative  yield  of  benzyl  chloride  and  m-xylene,  an 
80%  yield  of  m-xylyl  chloride.  Ethylbenzene  affords  a  high  yield  of 
a-chloroethylbenzene.  Of  especial  interest  is  £-butylbenzene,  which  is 
chlorinated  chiefly  in  the  beta  position;  /3-chloro-£-butylbenzene  is  ob¬ 
tained  in  a  yield  of  70%. 


Halogenation  of  Active  Methylene  Compounds 

The  alpha  position  in  carbonyl  compounds  may  be  compared  to  what 
has  been  termed  the  allyl  position  in  olefinic  compounds.  The  stabilizing 
effect  of  the  carbon-oxygen  double  bond  is  much  greater  than  that  of 
the  carbon-carbon  double  bond.  Hence  atoms  or  groups  in  an  alpha 
position  are  held  much  less  firmly  than  in  the  corresponding  allyl-type 
compounds. 

ch2=chch2x 

o=chch2x 

""Hydrogen  atoms  in  particular  are  easily  replaced  and  are  said  to 

possess  ^-methylene  activity.  It  is  believed  that  this  activity  derives 

m  part  from  resonance  stabilization  of  the  ion  formed  when  a  proton  is 
removed. 


1O1  H 
_  11  1 

R-C— CHR 


-H  + 

~ 


lOi 

R-C-CHR 


1O1 

R-C=CHR 


eJ1t'S,eV!dKent  alS°  that  t,he  activity  wiU  be  greater  in  a  /3-diketone,  for 
sible  P  ’  an  m  a  monoketone’  more  resonance  structures  being  pos- 


1 0 1  1 0 1 

11  —  11 

r-c-c-c-r 

I 

H 


1 0 1  1 0 1 

I  II 

R-OC-C-R 

1 

H 


1 0 1  1 0 1 

II  I 

R-C-C=C-R 
1 

H 


I  here  is  another  reason,  however  for  exnppfir»rr  +1  1 

5 
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This  effect  likewise  is  greater  in  a  0-dicarbonyl  compound  than  in  a 
simple  ketone.  Impoverishment  of  the  a-carbon  atom  lessens  its  power 
of  forming  bonds  with  other  atoms.  a-Hydrogen  atoms,  for  example, 
may  be  displaced  more  or  less  readily  by  halogens  on  the  one  hand  or  by 
alkali  metals  on  the  other. 

The  rate  of  halogenation  of  an  active  methylene  compound  has  been 
found  to  be  independent  of  the  concentration  of  the  halogen,  and  it  is 
concluded  therefore  that  removal  of  the  proton  to  be  replaced  (enoliza- 
tion)  is  the  rate-controlling  step  in  the  process.  Further  support  for 
this  conclusion  is  found  in  the  observation  that,  under  the  same  experi¬ 
mental  conditions,  all  the  halogens  react  at  the  same  rate: 

It  follows  then  that  aldehydes,  ketones,  acids,  and  acid  derivatives 
that  have  enolizable  hydrogen  atoms  can  be  halogenated  more  readily 
than  the  paraffins  and  that  the  ease  with  which  the  substitution  occurs 
goes  hand  in  hand  with  the  electron  deficiency  of  the  carbon  atom  of  the 
functional  group. 

Suitably  constituted  ketones  readily  yield  a-halo  derivatives.  The 
chlorination  of  cyclohexanone  may  be  cited  (OS  25,  22;  66%  yield), 
the  product  is  2-chlorocyclohexanone. 

Cl 

%%>=0  +  Cl2  - ►  <(  %>  +  HC1 


Bromination  of  acetone  and  acetophenone  produces  bromoacetone 
(OS  II,  88;  44%  yield)  and  phenacyl  bromide  (OS  II,  480;  66%  yield), 


respectively. 

CH3COCH3  +  Br2  - ►  CH3COCH2Br  +  HBr 

C6H5COCH3  +  Br2  - ¥  C6H5COCH2Br  +  HBr 


Since  halogen  atoms  have  a  strong  attraction  for  electrons,  it  might  e 
expected  that  replacement  of  one  a-hydrogen  atom  in  an  active  met  y- 
ene  compound  would  increase  the  electron  deficit,  causing  the  seeon 
a-hydrogen  atom  to  be  replaced  even  more  readily  than  the  first, 
is  a  fact  that,  in  symmetrical  ketones  such  as  acetone,  the  second  halogen 
atom  goes  on  the  carbon  atom  holding  the  first.  This  result,  it  may  be 
noted,  is  opposite  to  that  which  would  be  expected  if  the  process  involved 

frDibenzo!Lethane,  which  possesses  a  very  reactive  methylene  group, 
readily  yields  a  dibromo  derivative  (OS  II,  244;  76 %  yield). 

(C6H5CO)2CH2  +  2Br2  - ¥  (C6H5CO)2CBr2  +  2HBr 

Aldehydes  may  react  with  halogens  to  yield  the  corresponding  acyl 
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is  satisfactory  only  with  aldehydes  that  have  no  a-hydrogen  atom.  An 
example  of  this  type  of  halogenation  is  the  chlorination  of  o-chloro- 
benzaldehyde  to  produce  o-chlorobenzoyl  chloride  (OS  I,  155;  72% 


yield). 


O 

^Nch 


o 

^6ci 


V 


Cl 


+  C1; 


Cl 


+  HC1 


The  preparation  of  a-halo  aldehydes  by  halogenation  of  aldehydes  is 
not  a  very  satisfactory  method.  Bromination  of  acetals,  however, 
affords  satisfactory  yields  and  provides  an  indirect  route  to  the  a-bromo 
aldehydes.  The  preparation  of  the  diethyl  acetal  of  a-bromopropion- 
aldehyde  is  an  example. 

/OCH2CH3  /OCH2CH3 

CH3CH2CH  +  Br2  - ►  CHsCHCH  “  +  HBr 

xOCH2CH3  ^  xOCH2CH3 


The  bromination  is  carried  out  in  the  cold  and  in  the  presence  of  dry, 
powdered  calcium  carbonate,  which  reacts  with  the  hydrogen  bromide 
as  fast  as  it  forms. 

Pai  aldehyde  can  be  brominated  to  yield  a  tribromo  derivative  from 
which  bromoacetaldehyde  is  obtained  by  distillation  in  a  stream  of 

carbon  dioxide.  By  the  use  of  more  bromine,  bromal  can  be  made 
(OS  II,  87;  57%  yield). 

Phenylacetonitrile,  as  might  be  expected,  undergoes  bromination 
readily  to  yield  a-bromophenylacetonitrile  (OS  28,  55). 


C6H5CH2CN  +  Br2 


C6H5CHCN  +  HBr 
Br 


Halogenation  of  carboxylic  acids,  however,  occurs  only  with  difficulty 
This  fact  is  in  accord  with  the  expectation  that  in  carboxylic  acids  the 
electron  deficit  of  the  carbonyl  carbon  atoms  will  be  neutralized  to  a 
aige  degree  by  accession  of  electrons  from  the  hydroxyl  group  How¬ 
ever  acid  chlorides  and  anhydrides  behave  as  carbonyl  compoundfand 
can  be  halogenated  with  comparative  ease.  Chlorination  of  an  aliphatic 
acid  is  carried  out  in  the  presence  of  catalysts  such  as  the  r.ti!  'P, 
sulfur  and  phosphorus,  which  are  known  to  convert  aciSs  to  the 

ac,f chloride  is  -  =: 

the  chlorination  of  acetic  acid  in  the  pre^ncVofa' clrrier^n^l^hr'1  ^ 
t,n  can  be  carried  farther  to  yield  dichloroacetic  S;  hotverX 
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acid  is  made  more  satisfactorily  in  the  laboratory  by  the  action  of  sodium 
cyanide  on  chloral  in  the  presence  of  calcium  carbonate  (OS  II,  181; 
92%  yield). 

a-Chloropropionic  acid  may  be  produced  by  chlorination  of  propionic 
acid.  a-Bromo  acids  are  usually  prepared  by  bromination,  but  the 
corresponding  iodo  compounds  must  be  made  by  indirect  methods 

(p.  110). 

A  superior  method  of  making  bromoacetic  acid  consists  in  treating 
acetic  acid  with  bromine  in  the  presence  of  acetic  anhydride  and  pyri¬ 
dine  (OS  23,  37;  85%  yield).  Presumably  it  is  the  anhydride  which  is 
attacked  by  the  bromine. 

The  classical  procedure  for  the  preparation  of  a-chloro  and  a-bromo 
acids  consists  in  the  treatment  of  the  acid  with  the  halogen  in  the 
presence  of  phosphorus  trichloride.  The  procedure,  known  as  the  Hell- 
V olhard-Zelinsky  method,  is  illustrated  by  the  synthesis  of  a-bromo-n- 
caproic  acid  (OS  I,  115;  89%  yield). 


CH3(CH2)3CH2C02H  +  Br2  ^4  CH3(CH2)3CHBrC02H  +  HBr 

a-Bromoisovalerie  acid  (OS  20,  106;  89%  yield)  and  a-bromoiso- 
caproic  acid  (OS  21,  74;  66%  yield)  are  produced  in  a  similar  fashion. 
The  synthesis  of  e-benzoylamino-a-bromocaproic  acid  illustrates  the 
use  of  phosphorus  tribromide  (OS  II,  74;  89%  yield).  If  a  second 
halogen  atom  is  introduced  by  the  Hell-Volhard-Zelinsky  method,  the 
product  will  be  an  «,a-dihalo  acid.  It  is  to  be  noted,  however,  that  when 
chlorination  is  carried  out  with  sulfuryl  chloride  in  the  presence  ol 
peroxides,  chlorination  occurs  at  the  beta  and  gamma  positions  (p.  30). 
This  method  is  illustrated  by  the  chlorination  of  propionyl  chloride, 
which  yields  40%  of  the  alpha-  and  60%  of  the  Ma-chloro  derivative. 


CH3CH2C0C1  ^  CH3CHC1C0C1  and  CH2C1CH2C0C1 

The  behavior  of  sulfuryl  chloride  suggests  a  free  radical  mechanism. 

It  is  sometimes  expedient  to  prepare  the  acid  hal.de  and  subject  it 
to  halogenation.  Adipic  acid  has  been  converted  to  the  a,5-d.biomo 

derivative  by  this  procedure  (OS  26,  57). 

Monobromination  of  derivatives  of  dicarboxyhc  acids  can  be  accom¬ 
plished  by  treatment  of  the  half  ester  with  thienyl  chloride  followed  by 
the  addition  of  one  mole  of  bromine.  The  thionyl  chloride  serves  not 
only  to  produce  the  ester  acid  chloride  but  also  as  solvent  for  the  b.o.n  - 
nation.  An  illustration  is  the  synthesis  of  ethyl  o-bromoa  ipa  • 

u  Sehwenk  and  Papa,  J.  Am.  Chem.  Soc.,  70,  3626  (1948). 


POSITIVE  HALOGEN 


39 


Br  Br 

CH2CH2C0C1  Br2  CH2CHCOCl  C2H5OH  CH2CHC02C2H5 

ch2ch2co2c2hs  *  ch2ch2co2c2h5  ch2ch2co2c2hs 

As  this  example  shows,  simple  esters  are  less  readily  brominated  than 
acid  chlorides.  In  fact,  ethyl  acetate  has  been  employed  as  a  solvent 
in  many  bromination  reactions.  Halogenation  of  simple  esters  is  not 
often  employed.  Chloromethyl  acetate  can  be  produced  in  good  yield, 
however,  by  treatment  of  methyl  acetate  with  chlorine  at  low  tempera¬ 
tures  ^ 

CH3CO2CH3  +  Cl2  - >  CH3CO2CH2CI  +  HC1 

It  should  be  pointed  out  that  the  usual  method  of  preparing  compounds 
of  this  type  is  to  condense  aldehydes  with  acid  halides  (p.  387). 

Esters  having  highly  activated  methylene  groups  are  brominated 
without  difficulty.  Ethyl  malonate  is  an  example  (OS  I,  245;  75% 
yield). 


CH2(C02C2H5)2  +  Br2  - ►  BrCH(C02C2H5)2  +  HBr 

Malonic  acid  and  its  monoalkyl  derivatives,  as  would  be  expected, 
are  readily  brominated.  Examples  for  which  satisfactory  procedures 
are  available  are  the  isopropyl  (OS  II,  93),  benzyl  (OS  21,  100),  and 
sec-butyl  (OS  21,  61)  derivatives. 

Alcohols  are  dehydrogenated  by  halogens,  and  thus  may  yield  the 
products  to  be  expected  from  the  corresponding  carbonyl  compounds. 
The  commercial  production  of  chloral  by  treatment  of  ethanol  with 
chlorine  is  an  example.  A  few  ketones  which  are  unreactive  toward 
bromine  can  be  made  in  this  way.  Benzil,  for  example,  may  be  formed 
by  the  action  of  bromine  on  benzoin. 


Positive  Halogen 

Replacement  of  very  active  a-hydrogen  atoms  by  halogen  atoms  pro¬ 
duces  halogen  compounds  in  which  the  halogen  atoms,  like  hydrogen, 
tend  to  separate  as  positive  ions.  This  tendency  is,  of  course  a  measure 
of  the  electron  deficit  of  the  a-carbon  atom.'  Such  compands  may 
actually  serve  as  halogenating  agents.  Thus  ethyl  a-bromoacetoacetate 
converts  phenol  to  tribromophenol.  In  the  presence  of  hydrobromic 
acid,  this  ester  undergoes  rearrangement  to  the  7-bromo  ester-  i.e.  it 
“brommates  itself.”  A  possible  explanation  is  that  bromination  at  the 

12  Jones  and  Skraba,  Science ,  110,  332  (1949). 
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alpha  position  is  much  more  readily  reversed  than  at  the  gamma  posi¬ 
tion.13 

fast 

CH3COCH2CO2C2H5  +  Br2  T—  CH3COCHCO2C2H5  +  HBr 

Br 

CH3C0CH2C02C2H5  +  Br2  ^4  BrCH2C0CH2C02C2H5  +  HBr 


Nitration 


Paraffins  and  cycloparaffins  yield  nitro  derivatives  when  subjected  to 
prolonged  treatment  with  dilute  nitric  acid.  At  low  temperatures  the 
reaction  is  too  slow  to  be  useful,  and  at  high  temperatures  extensive 
oxidation  occurs.  Vapor-phase  nitration  of  paraffins,  on  the  other  hand, 
has  been  found  to  afford  satisfactory  yields  of  several  of  the  simplest 
nitroparaffins  (CR  32,  373).  The  method  involves  momentary  contact 
of  the  hydrocarbon  with  nitric  acid  at  temperatures  near  400°.  Pyrolysis 
and  nitration  both  occur.  Ethane  is  converted  to  nitroethane  and  nitro- 
methane,  the  product  containing  73  and  27%,  respectively,  of  these 
compounds.  Propane  gives  rise  to  a  mixture  of  nitromethane,  nitro¬ 
ethane,  1-nitropropane,  and  2-nitropropane  (AR  1940,  207). 

CH3NO2  Nitromethane  (9) 

CH3CH2NO2  Nitroethane  (26) 

CH3CH2CH2NO2  1-Nitropropane  (32) 

CH3CHCH3  2-Nitropropane  (33) 

N02 


HN03 

CH3CH2CH3 


The  figures  in  parentheses  indicate  the  percentage  of  the  components 
in  the  product.  Yields,  based  on  propane,  do  not  exceed  40%. 

n-Butane  likewise  yields  a  mixture  of  nitroparaffins.  Nitromethane, 
nitroethane,  1-nitropropane,  1-nitrobutane,  and  2-nitrobutane  are  iso- 
lated  in  proportions  of  6,  12,  5,  27,  and  50%,  of  the  nitroparaffin  product 
respectively.  Isobutane,  pentane,  and  isopentane  have  been  nitrated 
also.  Methane  is  likewise  susceptible  to  nitration  m  the  vapor  phase. 

The  mechanism  of  the  nitration  of  paraffins  at  elevated  temperatures 
is  not  well  understood.  Since  nitric  acid  is  completely  dissociated  at 
250°  the  reaction  evidently  involves  oxides  of  nitrogen.  . 

Results  to  date  may  be  summarized  as  follows.  When  a  paraffin  is 
nitrated  in  the  vapor  phase  at  high  temperature,  all  the  monomtio 


13  See  Becker,  Helv.  Chim.  Acta,  32,  1114,  1584  (1949). 
Boyd  and  Hass,  Ind.  Eng.  Chem.,  34,  300  (1942). 
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products  are  obtained  which  could  result  if  we  conceive  of  the  nitro 
group  as  capable  of  replacing  any  hydrogen  atom  or  any  alkyl  group 
present  in  the  hydrocarbon  (CR  32,  373).  Thus,  isopentane  yields  the 
following  products. 


By  replacement  of 
hydrogen  atoms 

CH3CH2CHCH2NO2 

CH3 

N02 

CH3CH2CCH3 

ch3 

'  N02 

CH3CHCHCH3 

ch3 

N02CH2CH2CHCH3 

ch3 


By  replacement  of 
alkyl  groups 

CH3NO2 

CH3CH2NO2 

CH3CHCH3 

N02 

CH3CHCH2CH3 

N02 

CH3CHCH2NO2 

6h3 


Nitration  is  accompanied  by  extensive  oxidation  so  that  alcohols, 
aldehydes,  ketones,  acids,  carbon  monoxide,  carbon  dioxide,  and  water 
are  formed  along  with  the  nitroparaffins. 

It  may  be  mentioned  that  benzene  can  be  nitrated  by  the  vapor-phase 
method.  The  product,  nitrobenzene,  is  obtained  also  from  toluene. 
Cycloparaffins  appear  to  undergo  nitration  readily.  Cyclohexane,  for 
example,  is  easily  converted  to  the  mononitro  derivative.  Nitro- 
methane,  nitroethane,  1-nitropropane,  and  2-nitropropane  are  manu¬ 
factured  by  the  nitration  of  propane. 

Neohexane,  which  has  been  made  commercially  by  condensing  ethyl¬ 
ene  with  isobutane,15  undergoes  vapor-phase  nitration  to  yield  the  follow¬ 
ing  products.16 


ch3 

ch3-c-ch2ch3  — ►  ch3no2 

CH3  (11) 

CH3 

CH3-C-CH3 

no2 

(7) 


ch3ch2no2 

(9) 

CH3 

CH3-C-CH2CH3 

I  0 

no2 

(8) 


O’Kelly  and  Sachanen,  Ind.  Eng.  Chem,  38,  463  (1946) 
owe  and  Hass,  Ind.  Eng.  Chem.,  38,  251  (1946) 


42 


ALIPHATIC  SUBSTITUTION 


CH3 

CH3-C-CH0NO2 

CH3 

(3) 

CH3 

CH3-C - CHCH3  (17) 

CH3  N02 
CH3 

CH3CH2-C-CH2N02  (35) 
CH3 

ch3 

CH3-C-CH2CH2N02  (ll) 

ch3 


The  figures  in  parentheses  show  the  percentage  of  the  nitro  compound 
in  the  nitroparaffin  product. 

It  is  to  be  noted  that  dinitro  derivatives  do  not  appear  among  the 
products  of  nitration  of  the  paraffins  under  these  conditions.  This 
observation  is  not  surprising  when  it  is  considered  that  a  nitro  group, 
being  an  oxidizing  agent,  would  not  be  expected  to  be  tolerated  by  a  free 
radical. 

Nitric  acid  is  capable  of  replacing  an  active  hydrogen  atom  by  a  nitro 
group,  as  is  illustrated  by  the  behavior  of  anthrone;  when  treated  with  a 
mixture  of  fuming  nitric  acid  and  glacial  acetic  acid,  it  is  converted  to 
nitroanthrone  (OS  I,  390;  67%  yield). 


O 

11 


V\  / V 

ch2  , 


+  hno3 


o 

II 


V\  A/ 

CH 

NOo 


+  h20 


Barbituric  acid,  which  likewise  is  classed  as  an  active  methylene  com¬ 
pound,  yields  nitrobarbituric  acids  under  similar  conditions  (Ob  11, 

440;  90%  yield). 

NH-CO  NH-CO 

CO  CH2  +  HN03  - ►  CO  CHN02  +  H20 

NH-CO  NH-CO 
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The  conversion  of  2-nitropropane  to  2,2-dinitropropane  is  a  similar 
reaction.  It  is  accomplished  by  passing  an  equimolecular  mixture  of  the 
nitropropane  and  nitric  acid  (70%)  at  a  pressure  of  800-1200  lb.  per 
sq.  in.  through  a  tube  heated  to  204-232°.  If  the  contact  time  is  limited, 
conversions  of  11-14%  are  realized,  with  ultimate  yields  above  50%. 17 

One  method  of  preparing  tetranitromethane  involves  replacement  of 
active  hydrogen  atoms  by  nitro  groups.  When  acetylene  is  treated  with 
nitric  acid  the  following  reactions  are  believed  to  take  place.18 

(N02)2CHCH0  +  H20 
(N02)sCCH0  +  h2o 
(N02)3CC02H  +  2N02  +  h2o 
(NOo)3CH  +  co2 
(N02)4C  +  h2o 


HC=CH  +  2HN03 
(N02)2CHCH0  +  hno3 
(N02)3CCH0  +  2HN03 
(N02)3CC02H 
(N02)3CH  +  hno3 


Alkylation  and  Acylation  by  the  Method  of  Friedel  and  Crafts 

Replacement  of  hydrogen  atoms  in  paraffinic  and  saturated  alicyclic 
hydrocarbons  may  be  effected  by  the  method  discovered  by  Friedel  and 
Crafts  in  1877  in  a  study  of  the  action  of  aluminum  metal  on  n-amyl 
chloride.  These  experimenters  found  that  long-chain  alkyl  chlorides  were 
produced  by  the  elimination  of  hydrogen  chloride  and  that  the  true 
catalyst  was  aluminum  chloride  (CR  17,  327). 


2C5HuC1  —4  C10H21C1  +  HC1 

A  very  remarkable  example  of  this  type  of  alkylation  is  the  conversion 
of  co-pheny  1-n-amy  1  chloride  to  cyclopentylbenzene.19 

^%^ch2ch2ch2ch2ch2ci  -^4  y  yc6CH%H2+  HCI 

nch2-ch2 

Acylation  of  saturated  hydrocarbons  has  been  realized  in  a  number  of 

ins  ances.  n-Pentane,  for  example,  reacts  with  acetyl  chloride  to  yield 
3-methyl-2-hexanone.  J 


C5H12  +  CH3COCl 


A1C13 


*  CH3CH2CH2CHCOCH3  -F  HCI 

ch3 

■  srs;  c*-'  "■ m  <“»'■ 

19  von  Braun,  Ber.,  64,  2869  (1931). 
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Cyclohexane  undergoes  acetylation  also  but  suffers  rearrangement  at 
the  same  time,  yielding  chiefly  l-acetyl-2-methylcyclopentane. 


/\ 

+  CH3COCI 

\/ 


AlCh 

- > 


COCH3 

CH3 


+  HC1 


CHAPTER  IV 


CARBON-CARBON  MULTIPLE  BONDS 


The  reactions  of  unsaturated  compounds  usually  are  of  such  nature 
as  to  bring  about  saturation  of  the  molecule;  i.e.,  they  are  addition 
processes.  The  addition  of  an  unsymmetrical  molecule,  HA,  to  an  olefin 
occurs  in  two  steps,  being  initiated  by  the  attack  of  the  positive  ion  (in 
this  case  H+)  on  the  polarized  form  of  the  olefin. 

H 

RCH-CHR  +  H+  - >  RCH-CHR  ►  RCHCH2R 

i 

A 


The  positive  ion  (H+)  will  attack  at  the  point  of  highest  electron 
density.  If  the  olefin  is  unsymmetrical,  the  labile  electron  pair  will  be 
drawn  to  the  carbon  atom  of  lower  electron  density.  Thus  in  the  olefin 
BCH=CH2  the  direction  of  addition  of  HA  will  be  determined  by  the 
electrical  character  of  B.  As  has  been  mentioned  (p.  3),  groups  such  as 
NH2,  OH,  OCH3,  and  R  may  cede  electrons  to  a  deficient  carbon  atom; 
hence,  if  B  is  one  of  these  groups,  the  carbon  atom  joined  to  it  will 
have  a  higher  electron  density  than  that  at  the  other  end  of  the  double 
bond  and  the  mobile  electron  pair  will  be  repelled.  The  attack  of 
the  positive  ion  will  therefore  be  at  the  carbon  atom  away  from  the 
substituent,  and  the  reaction  will  proceed  as  follows: 

bch-ch2  +  h+  — >  bch-ch3  BC11CH3 

A 

This  is  a  formulation  of  the  Markownikoff  rule. 

nuA  °rv!oe  ™  eTT  hand’  B  ‘S  an.  electron-attracting  group  such  as 
CHO,  COR,  G02H,  or  N02,  it  will  draw  electrons  away  from  the 

carbon  atom  to  which  it  is  attached,  and  the  addition  will  occur  in  the 
way  opposite  to  that  predicted  by  the  Markownikoff  rule. 

BCH-CH2  +  HA  - ►  BCH2CH2A 


These  generalizations  are  valid  only  if  the  addition 
by  an  ionic  mechanism. 


occurs,  as  indicated, 
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Chemical  Reduction 


The  addition  of  hydrogen  to  carbon-carbon  multiple  bonds  usually 
is  effected  with  the  aid  of  a  catalyst.  This  type  of  hydrogenation  is 
discussed  in  Chapter  XII.  Hydrogenation  by  treatment  with  chemical 
reagents  is  rare,  occurring  only  with  such  olefins  and  acetylenes  as  are 
able  to  take  up  active  metals  such  as  sodium.  Simple  olefins,  for  example, 
are  not  reduced  by  the  chemical  method.  Thus  ethyl  oleate  can  be 
reduced  to  oleyl  alcohol  by  treatment  with  sodium  in  alcohol  (p.  362), 
the  double  bond  remaining  intact.  Reduction,  however,  becomes  pos¬ 
sible  when  the  ethylenic  group  carries  ar}d  substituents  or  is  a  part  of  a 
heteroconj ugated  system.  Tetraphenylethylene,  for  example,  reacts 
with  sodium  to  form  a  disodium  derivative,  hydrolysis  of  the  latter 
yielding  the  ethane. 

H2O 

(C6H5)2C=C(C6H5)2  +  2Na  - ►  (C6H5)2C — C(C6H5)2  - ► 

Na  Na 


Na 


(C6H5)2CHCH(C6H5)2 

It  is  interesting  that  the  diphenylpolyenes,  when  reduced  with  sodium 
amalgam,  take  up  hydrogen  atoms  at  the  positions  adjacent  to  the  lings, 
and  that  the  reaction  stops  at  this  point. 

c6h5ch=ch-ch=chc6h5 - 1  c6h5ch2ch=chch2c6h5 

Naphthalene,  which  presents  a  formal  structural  analogy  to  the  polyenes, 
behaves  similarly.  A  disodium  derivative  can  be  isolated  when  the 
hydrocarbon  reacts  with  sodium. 

AA 

+  2Na  - > 

w  -  Na 

In  contrast  to  simple  olefins,  acetylenic  hydrocarbons  can  be  reduced 
bv  chemical  means.  When  treated  with  sodium  in  liquid  ammonia,  y 
take  up  two  atoms  of  the  metal  and  afford  good  yields  of  the  correspon  - 

„8  ™  Olefins  nnole  »  «**  M"***?*  «£%£ 

over  Raney  nickel,  as  might  be  expected,  possess  as  configurations. 

The  «.  and  trans  forms  of  all  the  straight-chain  '^‘^"ion 

A'zz,  ,m8 

attacked  by  sodium. 

■  Campbell  and  Eby,  J.  Am.  Chem.  Soc.,  63,  26S3  (1941). 
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Addition  of  Halogens 

The  addition  of  chlorine  to  double  and  triple  linkages  is  illustrated  by 
commercial  methods  of  preparing  ethylene  chloride,  sz/m-tetrachloro- 
ethane,  1,2,3-trichloropropane,  and  1,1,2-trichloroethane. 


ch2 

II  +  Cl2  — 
CH2  “ 

CH2C1 

CH2C1 

CH  +  2C’2 

chci2 

-4  l 

CHC12 

CH2-CHCH2C1  +  Cl2 

ch2chch2 

“4  1  II 

Cl  Cl  Cl 

CH2-CHC1  +  Cl2  — 

-4  CH2C1CHC1 

In  sunlight  and  the  absence  of  a  catalyst,  benzene  absorbs  halogens 
in  a  manner  entirely  analogous  to  the  behavior  of  olefins.  Chlorine  and 
benzene,  for  example,  combine  to  form  a  mixture  of  stereoisomeric 
hexachlorocyclohexanes,  one  of  which  is  the  important  insecticide 
Gammexane. 

Bromine  reacts  with  olefins  and  acetylenes  in  a  similar  manner.  The 
coloi  of  the  halogen  makes  this  reaction  a  useful  test  for  the  presence  of 
unsaturation. 

The  reaction  is  also  widely  used  in  synthesis.  Examples  are  the  addi- 
tion  of  bromine  to  cyclohexene  (OS  II,  171 ;  95%  yield)  and  allyl  bromide 
(OS  I,  521;  98%  yield). 


Br 

Br 


CH2=CHCH2Br  +  Br2 


CH2BrCHBrCH2Br 


Unsaturated  carbonyl  compounds  readily  yield  dibromides  also. 

«  rrt.Tare  available  f0r  adding  bromine  t0  cinnamaldehyde 
OS  27  2)^thylrrate,(°S  27°;  85%  yield)>  benzalacetone 

Lid  il  m;  sS  «  Phe”ne  <0S  '■  205)'  “d  f” 

Most  of  the  bromine  produced  industrially  goes  into  the  prenaration 
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The  rate  of  addition  of  bromine  is  diminished  by  conjugation  of  the 
multiple  linkages  with  one  another  or  with  other  unsaturated  groups 
Thus  styrene  takes  up  bromine  more  rapidly  than  stilbene. 

C6H5CH=CH2  +  Bi’2  - ¥  C6H5CHBrCH2Br  Fast 

C6H5CH=CHC6H5  +  Br2  - >  C6H5CHBrCHBrC6H5  Slow 

Debromination  (p.  141)  is  facile  if  the  newly  created  double  bond  is 
part  of  a  conjugated  system. 

It  has  been  established  that  the  addition  of  bromine  to  a  double  bond 
does  not  take  place  in  the  cis  manner  as  might  be  expected.  Thus 
maleic  and  fumaric  acids  yield,  respectively,  DL-dibromosuccinic  and 
raeso-dibromosuccinic  acids  (OS  II,  177).  Simultaneous  addition  of  the 
two  halogen  atoms  ( cis  addition)  is,  therefore,  not  a  tenable  hypothesis. 

One  mechanism  proposed  for  this  reaction  involves  attack  of  the 
activated  olefinic  linkage  by  the  positive  (electron-poor)  bromine  ion 
at  the  electron-rich  carbon  atom  of  the  double  bond. 


Br2  1  |Br|  +  |Br|  CH2-CH2  +  I  Brl - ► 


I  Br|  /B>  -  "Br  I  Brl 

I  ,  /\  I  Brl  /  \  | 

[CH2CH2]  - ►  [CH2CH2]  [CH2-CH2]  — >  ch2-ch2 


Interesting  evidence  has  been  produced  in  support  of  the  hypothesis 
that  the  attack  is  initiated  by  the  electron-poor  bromine  atom  ( bromo - 
nium  ion).  It  was  observed  that,  when  bromine  was  added  to  ethylene 
in  the  presence  of  chloride  ion,  some  ethylene  chlorobromide  formed  but 
no  ethylene  chloride  at  all.2 

The  entrance  of  the  second  bromine  atom  into  the  molecule  takes 
place  in  the  manner  now  generally  accepted  for  nucleophilic  displace- 
ment  reactions  (p.  108)  and  involves  inversion  of  the  carbon  atom.  This 
mechanism  accounts  satisfactorily  for  the  observed  trans  addition. 

The  addition  of  bromine  to  a  double  bond  appears  to  be  facilitated 
by  the  presence  of  a  negative  charge  in  the  molecule  and  hindered  by  a 
positive  charge.  For  example,  sodium  maleate  and  sodium  fumarate 
take  up  halogen  much  more  rapidly  than  do  the  acids  themselves. 
Whereas  allyl  alcohol  decolorizes  bromine  solutions  rapidly,  quaternary 
ammonium  salts  containing  an  allyl  group  are  unreactive  toward  bro- 


i  Francis,  J.  Am.  Chem.  Soc.,  47,  2340  (1925). 

3  Terry  and  Eichelberger,  J.  Am.  Chem.  Soc.,  47,  1007  (IJM). 
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mine.4  These  observations  are  in  accord  with  the  theory  that  the 
attacking  agent  is  a  positive  ion,  which  would  be  attracted  to  a  nega¬ 
tively  charged  ion  and  repelled  by  one  carrying  a  positive  charge. 

Iodine  shows  little  tendency  to  combine  with  olefinic  compounds. 
Iodine  chloride,  however,  can  be  added  to  such  substances.  Methods  for 
determining  the  iodine  number  of  fats  depend  on  this  reaction.  It  has 
been  noted,  however,  that  satisfactory  values  are  not  obtained  with 
a, (3-  or  0,7-unsaturated  esters. 


Addition  of  Hydrogen  Halides 

The  addition  of  hydrogen  halides  has  been  observed  with  a  wide 
variety  of  unsaturated  compounds.  As  in  the  addition  of  bromine,  the 
first  step  of  the  reaction  is  believed  to  be  attack  by  the  electron-poor 
atom,  in  this  case  the  hydrogen  ion.  The  evidence  in  connection  with 
the  addition  of  hydrogen  chloride  or  bromide  to  certain  olefins  is  more 
convincing  than  that  cited  in  the  discussion  of  the  addition  of  bromine 
(p.  48).  It  has  been  found  that  in  donor  solvents  such  as  ether  or 
dioxane  the  addition  of  hydrogen  chloride  or  bromide  is  much  slower 
than  it  is  in  solvents  such  as  benzene.  The  tendency  of  ethers  and 
dioxane  to  form  oxonium  compounds  by  coordination  with  hydrogen  ions 
offers  a  satisfactory  explanation  of  the  retarding  effect. 

The  addition  of  hydrogen  chloride  to  2-pentene  is  especially  interesting 
because  the  Markownikoff  rule  does  not  apply.  The  manner  of  addition 
is,  however,  correctly  predicted  on  the  basis  of  the  hyperconjugation 
concept  (p.  19).  Since  the  methyl  group  has  three  hydrogen  atoms  and 
the  methylene  group  only  two,  the  double  bond  will  be  polarized  in 
such  a  way  that  the  chlorine  atom  will  become  attached  to  the  carbon 
atom  adjacent  to  the  methyl  group,  the  product  being  2-chloropentane. 

CH3CH=CHCH2CH3  i — ►  CH3CH-CHCH2CH3 


"  I  " — : 


Cl 

°f  hydr0gen  Chl0ride  t0  0lefinic  comPol>nds  is  catalyze 
by  the  salts  of  various  metals  and  has  many  commercial 

perhaps  the  most  important  of  which  is  the  manufacture  of  ethy  chlorid 
from  ethylene.  Bismuth  trichloride  can  serve  as  the  catalyst'' 

ch2=ch2  +  HCL-‘C':’  >  ch3ch2ci 

*  Robertson,  Clare,  McNaught,  and  Paul,  Chem.  Soc,  335  (1937).  ' 
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The  reaction  is  important  primarily  because  ethyl  chloride  is  a  raw  mate¬ 
rial  for  the  manufacture  of  tetraethyllead. 

Hydrogen  bromide  combines  with  unsaturated  compounds  more 
readily  than  hydrogen  chloride,  while  hydrogen  iodide  shows  a  still 
greater  aptitude  lor  this  type  of  reaction.  Reaction  with  hydrogen  bro¬ 
mide  and  hydrogen  iodide  generally  occurs  readily  at  room  temperature, 
whereas  the  addition  of  hydrogen  chloride  may  require  heating. 

Chloroprene  is  formed  from  vinylacetylene  and  hydrogen  chloride  in 
the  presence  of  cuprous  and  ammonium  chlorides. 

CuCl 

CH2=CH-OCH  +  HC1  - ►  CH2=CH-C=CH2 

NH4C1  1  2 

Cl 


The  formation  of  chloroprene  in  this  way  appears  to  involve  simple 
addition  to  the  triple  bond  of  the  conjugated  enyne  and  is  especially 
significant  in  view  of  the  observation  that  reactions  of  conjugated  dienes 
with  hydrogen  halides  involve  the  terminal  positions.  1,3-Butadiene, 
for  example,  combines  with  hydrogen  chloride  to  yield  l-chloro-2-butene. 

ch2=ch-ch=ch2  « — >  ch2-ch=ch-ch2 
ch2-ch=ch-ch2  +  HC1 - ►  CH3CH=CHCH2C1 

The  isoprene  molecule  may  be  written  in  two  different  polarized 
structures  with  the  electrical  charges  at  the  ends  oi  the  chain. 

ch2-c=ch-ch2  i — ►  ch2=c-ch=ch2  < — >  ch2-c=ch-ch2 
ch3  ch3  ch3 

Actually  the  product  with  Irydrogen  chloride  has  been  shown  to  consist 
predominantly  of  l-chloro-3-methyl-2-butene.5 

CH2=C-CH=:CH2  +  HC1  - ¥  CH3C=CHCH2C1 

CH3  CH3 

With  hydrogen  bromide  the  chief  product  is  l-bromo-3-methyl-2- 
butene.  Here  also  the  methyl  group  orients  the  sense  of  addition  so 
that  the  formation  of  the  addition  product,  CH3CH=CCH2Cl(Br),  is 

CH3 


virtually  excluded.  .  .  A  ( 

A  careful  study  of  the  reaction  by  which  chloroprene  is  lormed  from 

hydrogen  chloride  and  vinylacetylene  has  revealed  that  in  this  reaction 
the  initial  product  is  an  allene. 


6  Jones  and  Chorley,  J.  Chem.  Soc.,  832  (194G). 
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HC1 

CH^CCH=CH2  - y 


CH2=C=CHCH2C1 


ch2=c-ch=ch2 

I 


Cl 


ch3-c=chch2ci 

I 

Cl 


The  allene  is  unstable  and  in  the  presence  of  cuprous  chloride  rearranges 
rapidly  to  chloroprene.  If  sufficient  hydrogen  chloride  is  present,  a 
second  mole  combines,  converting  chloroprene  to  l,3-dichloro-2-butene. 
It  will  be  noted  that  addition  to  the  unsymmetrical  chloro  diene,  as  with 
isoprene,  yields  only  one  of  the  two  isomers  that  could  be  formed  by 
reactions  involving  the  1  and  4  positions.6 

The  Peroxide  Effect.  The  addition  of  hydrogen  bromide  to  unsatu¬ 
rated  compounds  usually  takes  place  according  to  MarkownikofFs  rule; 
i.e.,  the  bromine  atom  is  attached  to  the  carbon  atom  having  the  fewer 
hydrogen  atoms.  Thus  with  allyl  bromide  the  product  is  1,2-dibromo- 
propane. 

CH2=CHCH2Br  +  HBr  - >  CH3CHBrCH2Br 


However,  if  the  reaction  occurs  in  the  presence  of  small  quantities  of 
oxygen  or  if  peroxides  are  introduced,  the  reaction  takes  a  different 
course.  Trimethylene  bromide  is  almost  the  only  product. 


CH2=CHCH2Br  +  HBr  - >  BrCH2CH2CH2Br 

In  a  great  many  similar  reactions  the  direction  of  the  addition  is  reversed 

by  the  presence  of  peroxides.  This  phenomenon  was  discovered  by 

Kharasch  and  Mayo  and  is  known  as  the  peroxide  effect.  Examples  are 

the  addition  of  hydrogen  bromide  to  vinyl  bromide,  isobutylene,  styrene, 

and  propylene.  The  products  are  shown  in  the  following  table  (CR  27? 
351).  v  ’ 


Compound 

Peroxides  absent 

Peroxides  present 

CH2=CHBr 

CH3CHBr2 

ch3 

BrCH2CH2Br 

ch3-c=ch2 

6h3 

CH3-6Br 

| 

CH3CHCH2Br 

ch3 

ch3 

c6h5ch=ch2 

C6H5CHBrCH3 

C6H5CH2CH2Br 

CH3CH=CH2 

CH3CHBrCH3 

CH3CH2CH2Br 

The  acetate  of  undecenyl  alcohol  takes  up  hydrogen  bromide 
bromide.7°f  Per0XideS  ^  ^  ^  °f  92%  °f  the  responding  prim^ 


"  ?rtherS’  ,Bf Chet-  and  J-  Am.  Chem.  Soc.  54  4060  flooo, 

1  Ashton  and  Smith,  J.  Chem.  Soc.,  130S  ’  (1932)' 
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CH2=CH(CH2)8CH2OCOCH3  +  HBr  - > 

BrCH2CH2(CH2)8CH2OCOCH3 

The  free  alcohol,  however,  yields  the  corresponding  secondary  bromide. 

The  addition  of  certain  sulfur-containing  compounds,  such  as  mer- 
captans  and  thiophenols  (p.  55),  to  unsaturated  hydrocarbons  is  in¬ 
fluenced  by  peroxides  in  a  similar  manner.  Ethyl  mercaptan  combines 
with  propylene,  for  example,  in  accord  with  Markownikoff’s  rule;  in 
the  presence  of  peroxides,  however,  the  sense  of  the  addition  is  reversed.8 

CH3CHSC2H5 

y  ch3 

CH3CH=CH2  +  C2H5SH  peroxides  absent 

\  peroxides  present 

CH3CH2CH2SC2H5 


Even  bisulfite  can  be  induced  to  undergo  non-Markownikoff  addition. 
RCH=CH2  +  HS03Na  - ¥  RCH2CH2S03Na 


Bisulfites  are  known  to  add  to  aldehydes  and  ketones  as  well  as  to  many 
olefinic  linkages  that  are  conjugated  with  carbonyl  groups,  cyano  groups, 
etc.  In  other  words,  they  are  typical  “carbonyl  reagents”  and  do  not 
add  to  unconjugated  olefinic  linkages  unless  an  oxidizing  agent  is  present. 
Propylene,  allyl  alcohol,  cyclohexene,  and  similar  compounds  take  up 
bisulfite  in  the  presence  of  oxygen ;  during  the  reaction  the  oxygen  reacts 
slowly.  If  the  oxygen  is  removed,  the  reaction  stops. 

The  peroxide  effect  has  been  observed  also  with  acetylenic  hj^dio- 
carbons.  In  the  presence  of  peroxides,  propyne,  for  example,  combines 
with  hydrogen  bromide  to  yield  propylene  bromide,  whereas  in  the 
presence  of  antioxidants  the  product  is  2,2-dibiomopropane. 

In  these  reactions,  as  in  others  mentioned  elsewhere,  the  catalytic 
activity  of  the  peroxide  is  believed  to  be  due  to  the  production  of  free 
radicals.9  The  free  radical  reacts  with  hydrogen  bromide  to  liberate  a 
bromine  atom  which,  having  an  odd  number  of  electrons,  is  itself  a  free 
radical.  The  odd  or  unpaired  electron  forms  a  pair  with  one  of  the 
electrons  of  the  olefinic  bond,  the  bromine  atom  apparently  attacking 
the  end  of  the  double  linkage  which  has  the  higher  electron  density. 

Catalyst  - ►  R* 

R.  +  HBr  - ►  RH  +  Br- 


RCH=CH2  +  Br- 
RCHCHoBr  +  HBr 


RCHCH2Br 
RCH2CH2Br  +  Br- 


s  Jones  and  Reid,  J.  Am.  Chem.  Soc.,  60,  2452  (1938). 

« Kharasch,  Mansfield,  and  Mayo,  J.  Am.  Chem.  Soc.,  59,  1155  (1937). 
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A 

It  seems  probable  also  that  the  attack  is  such  as  to  geneiate  the  most 

stable  free  radical,  i.e.,  that  RCHCH2Br  is  more  stable  than 
RCHBrCH2 

In  the  addition  of  mercaptans  and  bisulfite  the  free  radicals  involved 
are  RS-  and  -S03-,  respectively.  The  mechanism  proposed  for  the 
addition  of  bisulfite  is  the  following  (CR  27,  351). 

S03=  +  Oxidant  - ►  *S03-  +  Oxidant - 

•S03-  +  rch=ch2  - ►  rchch2so3- 

RCHCH2S03-  +  HSO3- - >  RCH2CH2S03~  +  -SOs- 


Addition  of  Hypohalous  Acids 


Hypohalous  acids  can  be  added  to  double  bonds  to  produce  halo- 
hydrins.  As  examples  may  be  cited  the  preparation  of  the  chlorohydrins 
from  ethylene  and  cyclohexene. 


CH2 

ch2  +  H0C1 


+  HOC1 


CH2C1 

*  ch2oh 


■> 


The  procedure  employed  in  the  formation  of  2-chlorocyclohexanol  con¬ 
sists  in  passing  chlorine  into  a  mixture  of  sodium  hydroxide  and  mercuric 
chloride  until  the  yellow  precipitate  of  mercuric  oxide  just  disappears, 
the  solution  then  being  added  to  cyclohexene  (OS  I,  158;  73%  yield). 

Another  procedure,  illustrated  by  an  industrial  method  for  making 
ethylene  chlorohydrin,  consists  in  passing  chlorine  and  ethylene  into 
water  under  carefully  controlled  conditions. 

The  hypohahtes  combine  with  unsymmetrical  olefins  as  though  the 
halogen  atoms  were  positive  with  respect  to  the  hydroxyl  group.  Thus 
in  propylene  chlorohydrin  the  chlorine  atom  is  in  a  terminal  position. 

CH3CH=CH2  +  HOC1  — »  ch3chch2ci 

I 

OH 


Similarly,  allyl  chloride  gives  glycerol  a,7-diehlorohydrin 
mediate  in  the  synthesis  of  glycerol  from  propylene  (p.  113)  .10 

CH2=CHCH2C1  +  HOC1  - >  C1CH2CHCH2C1 


an 


inter- 


OH 


10  Chem.  Eng.  News,  24,  3360  (1946). 
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It  seems  probable  that  the  first  step  in  the  addition  of  hypohalous 
acids  to  olefins  is  attack  by  a  positive  halogen  atom,  resulting  in  the 
formation  of  the  same  type  of  ion  that  was  postulated  as  an  intermediate 
in  the  addition  of  bromine  to  ethylene  (p.  48). 

Br-1" 

CH2=CH2  +  Br+  - ►  CH2CH2 


Reaction  of  this  ion  with  water  or  hydroxide  ion  would  yield  the  bromo- 
hydrin. 

Br+ 

CH2-CH2  +  H20  - >  BrCH2CH2OH  +  H+ 

In  other  words,  the  hypohalous  acid  itself  need  not  be  involved  in  the 
process. 

Addition  of  Nitrosyl  Chloride 

Nitrosyl  chloride  reacts  additively  with  many  olefins  to  give  nitroso- 
chlorides.  For  example,  trimethylethylene  combines  with  nitrosyl  chlo¬ 
ride  as  follows. 

(CH3)2C=CHCH3  +  NOC1  - >  (CH3)2C— chch3 

Cl  NO 


When  heated  or  allowed  to  stand,  this  nitrosochloride  rearranges  to  the 
corresponding  oxime. 


(CH3)2C— chch3 
Cl  NO 


(CH3)2C— cch3 

i  ii 

Cl  NOH 


If  the  olefin  is  of  the  type  R2C=CR2  or  R2C=CHR,  the  nitroso¬ 
chloride  is  solid.  These  derivatives  have  found  extensive  use  in  charac¬ 
terization  work,  notably  in  the  terpene  series.  To  prepare  them  it  is 
not  necessary  to  make  nitrosyl  chloride;  a  mixture  of  concentrated 
hydrochloric  acid  with  a  nitrite  such  as  ethyl  or  amyl  will  serve  the  same 
purpose.  In  crystalline  form  the  nitrosochlorides  are  dimeric  and  color¬ 
less;  in  solution  or  when  melted,  they  revert  to  some  extent  to  the  mono¬ 
mers,  which  are  blue.  ......  ^ 

It,  is  to  be  noted  that,  in  the  addition  of  nitrosyl  chloride  to  unsy  m- 

metrical  olefins,  the  nitroso  group  appears  to  be  positive  with  respec 
to  the  chlorine  atom. 


Hydration 

Olefins  are  absorbed  by  sulfuric  acid  of  suitable  strength  to  yield 
carboniura  ions,  which  react  with  water  to  give  alcohols. 


REACTION  WITH  SULFUR  COMPOUNDS 
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RCH=CH2  +  H+  - ¥  RCHCH3 

RCHCH3  -f-  H20  - ¥  RCHOH  4  H+ 

ch3 


In  this  way  olefins,  which  are  produced  in  vast  amounts  in  the  petroleum 
industry,  jdeld  an  extensive  array  of  alcohols.  The  addition  follows 
Markownikoff’s  rule,  and,  with  the  exception  of  ethyl  alcohol  (from 
ethylene),  only  secondary  and  tertiary  alcohols  can  be  obtained.  This 
method  is  used  to  produce  large  amounts  of  ethanol  by  the  hydration 
of  ethylene,  ethyl  ether  being  available  as  a  by-product  of  the  process. 
Isopropyl  alcohol  is  made  from  propylene  in  tremendous  quantities. 
Hydration  of  isobutylene  is  the  primary  source  of  f-butyl  alcohol. 

In  the  presence  of  mercury  salts  acetylenes  also  undergo  hydration. 
However,  the  vinyl  alcohols  which  would  be  formed  by  the  addition  of 
one  molecule  of  water  apparently  rearrange  at  once  to  the  corresponding 
ketones. 

Hg++ 

RC=CH  +  H20  — — y 


RC=CH2 

L  OH 


RCOCH3 


Acetylene  itself  yields  acetaldehyde. 

Alkyl  hydrogen  sulfates,  which  form  when  olefins  are  added  to  sulfuric 
acid  of  suitable  concentration,  undergo  hydrolysis  when  the  mixture  is 
diluted  to  yield  alcohols.  Under  suitable  conditions  the  alkyl  hydrogen 
sulfate  combines  with  olefins  also,  yielding  alkyl  sulfates.  Thus  ethyl 
sulfate  is  prepared  readily  and  cheaply  by  the  condensation  of  sulfuric 
acid  with  ethylene  under  pressure. 


C2H4  C2H50\ 

SO 

HO/ 


2 


(C2H50)2S02 


Reaction  with  Sulfur  Compounds 


Hydrogen  sulfide  reacts  with  olefins  to  yield  mercaptans,  the  addition 
taking  place  according  to  Markownikoff’s  rule.  Mercaptans  and 
thiophenols,  similarly,  combine  with  olefins  to  produce  thL  ethers 

(p.51)  °nS  are  Partlcular|y  sensit;™  to  the  influence  of  peroxides 


The  reaction  of  olefins  with  sulfur  chlorides 
sively  because  of  the  unusual  properties  of  the 


has  been  studied  exten- 
products.  The  reaction 
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which  has  received  most  attention  is  that  between  ethylene  and  sulfur 
monochloride  to  produce  mustard  gas. 


Olehnic  hydrocarbons  in  general  do  not  react  with  amines  or  other 
nucleophilic  reagents.  However,  such  reactions  are  possible  with  certain 
fluorinated  olefins,  an  example  being  the  addition  of  alcohols  in  the 
presence  of  alkoxides  to  tetrafluoroethylene.11 


RONa 


»  CHF2CF2OR 


ROH  +  CF2=CF2 


The  condensation  of  alcohols  with  vinyl  ethers  in  the  presence  of 
alkali  alkoxides  (p.  75)  appears  to  belong  in  this  category  also.  Bi- 
diphenyleneethylene  also  is  attacked  by  anionic  reagents  (p.  593). 

It  may  be  mentioned  here  that  ammonia  does  attack  olefins  under 
drastic  conditions,  but  the  nitrogenous  products  are  nitriles  rather  than 
amines.  Propylene,  for  example,  yields  a  mixture  of  acetonitrile  and 
propionitrile.  This  method  of  producing  nitriles  obviously  involves 
complex  chemical  changes  since  it  is  applicable  also  to  paraffins  and 
methylbenzenes.  Benzonitrile,  for  example,  can  be  manufactured  by 
treating  toluene  with  ammonia  at  temperatures  near  1000°F.  in  the 
presence  of  catalysts  containing  oxides  of  phosphorus,  molybdenum,  or 
tungsten  supported  on  alumina.12 


C6H5CH3  +  NH3  - >  C6H5CN  +  3H2 


Friedel-Crafts  Reactions 


Addition  of  Alkyl  Halides.  It  has  long  been  known  that  olefins  can 
be  methylated  by  heating  them  with  a  methyl  halide  and  a  metal  oxide, 
m.n  o.mot.hvl-2-butene.  for  example,  is  heated  at  elevated  tempera- 


and  2, 3, 3-trimethyl- 1-butene. 
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From  2-methyl-2-butene  it  is  possible  to  prepare  triptene,  which  can 
be  converted  to  triptane  by  hydrogenation.13 

pu  .  ch3  ch3 

Yx13\  lime  I  I 

c=chch3  +  CH3C1  — >  ch3c — c=ch2 


CH 


/ 


CH; 


When  aluminum  chloride  or  a  similar  catalyst  is  employed,  addition  of 
alkyl  halides  to  olefins  can  be  accomplished,  the  halogen  atom  going  to 
the  carbon  atom  with  the  fewer  hydrogen  atoms.14 

Haloolefins  can  be  employed  also.15  An  example  is  the  condensation 
of  /-butyl  chloride  with  vinyl  chloride  in  the  presence  of  ferric  chloride, 
l,l-dichloro-3,3-dimethylbutane  being  obtained  in  a  77%  yield. 

FeCl3 

(CH3)3CC1  +  CH2=CHC1  - >  (CH3)3CCH2CHC12 

In  most  cases,  however,  the  yields  are  much  lower,  seldom  exceeding 
40%. 

Polychloroolefins  react  in  a  similar  manner  with  alkyl  chlorides,  yield¬ 
ing  p  oly  chi  or  oparaffins .  Isopropyl  chloride  and  trichloroethylene,  for 
example,  give  a  42%  yield  of  l,l,l,2-tetrachloro-3-methylbutane.16 

(CH3)2CHC1  +  CHC1=CC12  -^4  (CH3)2CHCHCCI3 

Cl 


Polyhaloalkanes  such  as  chloroform  can  be  added  to  olefins  also  by  this 
method.  Thus  chloroform  and  tetrachloroethylene  yield  unsym- - 
heptachloropropane  (OS  II,  312). 


CHCls  +  CC12=CCI2  -^4  CC13CC12CHC12 


The  addition  of  organic  halides  has  been  effected  photochemically  and 
by  peroxide  catalysis.  An  extremely  interesting  reaction  of  this  type 
is  t  e  addition  of  carbon  tetrabromide  or  bromoform  to  olefins.  When  a 
“  °f.  J"0016116  and  carbon  tetrabromide,  for  example,  is  maintained 

tZj  PreSenCe  aCetyI  m°le  Per  cent)>  addition 


CH3(CH2)5CH-CH2  +  CBr4  - >  CH3(CH2)5CHBrCH2CBr3 

Carbon  tetrachloride  and  chloroform  behave  similarly  »  This  reaction 
may  also  be  initiated  by  visible  light.  leaction 

“  ^!|ler  *nd  L°vell>  Ind •  En0-  Chem.,  40,  1138  (1948). 
is  ®cJunerilmg’  J'  Am •  Chem.  Soc.,  67,  1152  (1945). 
is  ®cflmerilmg’  J‘  Am •  Chem.  Soc.,  68,  1650  (1946). 

Schmerlmg,  J.  Am.  Chem.  Soc.,  68,  1655  (1946). 

is  ^enSen,  and  Urry»  J-  A™.  Chem.  Soc.  68  154  (19461 

Kharasch,  Jensen,  and  Urry,  Science,  102,  128  (1945) 
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Acylation.  Acylation  by  the  Friedel-Crafts  method  is  not  limited  to 
aromatic  compounds;  it  can  be  carried  out  with  paraffins,  cycloparaffins, 
and  olefins  as  well.  From  cyclohexene  and  acetyl  chloride,  for  example, 
1-acetylcylohexene  may  be  obtained  in  a  62%  yield.19 


y\ 

I  +  CH3COC1 
\/ 


Aicb 

— > 


/\cOCH3 

\J 


+  HC1 


When  benzoyl  chloride  is  employed,  the  product  is  1-benzoylcyclo- 
hexene;  the  yield  is  40%. 19  A  commercial  method  of  a  similar  type  has 
been  developed  for  producing  unsaturated  methyl  ketones  by  condensing 
acetic  anhydride  with  olefins.20 

Ethyl  vinyl  ketone  is  formed  in  yields  of  25%  by  condensing  propionyl 
chloride  with  ethylene,  the  chloro  ketone  being  an  intermediate.21 

AlCL  —  HC1 

C2H5COCI  +  CH2=CH2  - -4  C2H5C0CH2CH2C1  - > 

C2H5COCH=CH2 


Alkylation  of  Paraffins 

The  addition  of  paraffins  to  olefins,  discovered  in  1932  by  Ipatieff 
and  his  coworkers,  is  the  basis  of  three  commercial  processes  for  produc¬ 
ing  alkylate,  a  primary  component  of  100-octane  gasoline.  The  catalysts 
are  sulfuric  acid,  aluminum  chloride,  and  hydrogen  fluoride.  In  the 
commercial  processes  isobutane  is  condensed  with  olefins.  Duiing 
World  War  II  the  alkylate  from  these  sources  reached  a  peak  of 
5,500,000  gallons  a  day.  The  alkylate  gasolines  are  expensive,  and  at 
the  close  of  the  war  their  production  was  reduced  drastically  (CR  37, 

323). 

The  raw  materials  for  the  alkylate  production  are  the  low-boiling 
hydrocarbons  from  the  cracking  process.  The  process  may  be  illustrated 
by  consideration  of  the  C4  fraction.  In  one  process  the  mixture  of 
butylenes  and  isobutane  is  treated  with  sulfuric  acid,  which  causes  the 
isobutane  to  condense  with  the  unsaturated  hydrocarbons^,  give 
chiefly  octanes.  The  method  of  condensation  consists  in  treating 
paraffin  with  the  mixture  of  olefins  in  the  presence  of  95-100%  sulfuric 

aCThe\1ondtonToftalkylation  seem  to  become  milder  as  the  molecular 
weight  of  the  olefin  increases.  Alkylation  of  isobutane  with  ethylen 

.»  Christ  and  Fuson,  J.  Am.  Chem.Soc.,  69  893  (1937) 

Harris,  and  Brant,  ,.  ^ 

70,  2971  (1948). 
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requires  a  very  active  catalyst  such  as  aluminum  chloride  and  tempera¬ 
tures  of  120-140°F.  With  propylene,  sulfuric  acid  is  a  satisfactory 
catalyst  and  the  optimum  temperature  is  somewhat  above  room  tem¬ 
perature  (80-120 °F.).  With  butenes  alkylation  occurs  readily  at  about 
35 °F.  in  the  presence  of  sulfuric  acid.  The  optimum  tempeiatuie  foi 
the  pentenes  is  about  55  °F. 

The  ratio  of  isobutane  to  olefin  should  be  at  least  4  to  1  in  order  to 
minimize  polymerization  of  the  olefin.  Even  when  a  single  olefin  is 
employed,  the  product  is  a  mixture.  Moreover,  the  yields  of  the  various 
components  vary  with  the  operating  conditions.22 

As  an  example  may  be  taken  the  alkylation  of  isobutane  with  iso¬ 
butylene.  One  might  think  that  the  tertiary  hydrogen  atom  of  the 
paraffin  would  be  detached  as  a  proton  and  that  the  addition  to  the 
olefin  would  follow  MarkownikofTs  rule,  yielding  2,2,3,3-tetramethyl- 
butane. 

ch3  ch3 

(CH3)3CH  +  (CH3)2C=CH2  - ¥  ch3-c — c-ch3 

ch3  ch3 

However,  none  of  this  compound  can  be  isolated.  It  is  a  general  rule, 

CH3 

i 

in  fact,  that  hydrocarbons  of  the  type  CH3-C - CHCH2R  are  not 

ch3  ch3 

formed  in  alkylation  reactions.  Actually,  the  principal  products  often 
are  those  to  be  expected  if  the  isobutane  had  added  to  the  olefin  in  viola¬ 
tion  of  MarkownikofTs  rule,  i.e.,  in  the  way  it  would  add  if  it  separated 
into  a  hydranion  (H“)  and  a  carbonium  ion  [(CH3)3C+].  The  validity 
of  this  assumption  has  been  established  by  the  observation  that,  when 
£-butyl  chloride  and  isopentane  are  mixed  in  the  presence  of  aluminum 
bromide,  halogen-hydrogen  interchange  occurs,  yielding  isobutane  and 
1-amvl  bromide.  This  process  is  extremely  rapid;  within  0.001  second 

the  1-butyl  chloride  has  disappeared  entirely.2’  This  change  is  explained 
as  follows. 

(CH3)3CC1  +  AlBr3  - >  (CH3)3C+  +  ClAlBr3- 

(CH3)3C+  +  C2H5CH(CH3)2  - ►  (CH3)3CH  +  C2HsC(CH3)2 

+  Br 

C2H5C(CH3)2  +  ClAlBr3-  - ►  C2H5C(CH3)2  +  AlClBr2 

„°r:"T“hn’  fnd  Mi,cs’  ,nd-  EnS-  Chem.,  38,  795  (1946). 
artlett,  Condon,  and  Schneider,  J.  Am.  Chem.  Soc.,  66,  1531  (1944). 
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This  observation  makes  possible  the  following  interpretation  of  the 
alkylation  process. 

H+  +  CH2=C(CH3)2  - ►  (CH3)3C+  <- - , 

I 

jcH2=C(CH3)2  j 

(CH3)3CCH2C(CH3)2  I 

|(CH3)3CH  I 

(CH3)3CCH2CH(CH3)2  +  (CH3)3C+ 

When  isobutane  and  propylene  are  used,  the  chief  product  is  2,3- 
dimethylpentane  (62-66%).  A  small  amount  (8-12%)  of  2,4-dimethyl- 
pentane  is  formed  also  along  with  other  products,  chiefly  octanes.  The 
formation  of  the  major  product  can  be  pictured  as  follows. 


(CH3)3C+  +  ch2=chch3 


+ 


(CH3)3CCH2CHCH3 


+ 


(CH3)3CCH2CHCH3  +  (CH3)3CH 


ch3 

ch3cch2ch2ch3 

ch3 


(CH3)3CCH2CH2CH3  +  (CH3)3C+ 

►  ch3ch— chch2ch3 
ch3  ch3 


It  is  to  be  noted  that  the  chief  product  is  not  2,2-  but  2,3-dimethyl- 
pentane,  and  it  is  generally  assumed  that  isomerization  of  the  2,2-isomei 
is  the  last  step  in  the  process. 

Olefins  have  been  condensed  with  paraffins  also  by  a  noncatalytic 
process  by  the  use  of  high  pressure  (4500  lb.  per  sq.  in.)  and  a  tempera¬ 
ture  of  about  500 °C.  In  contrast  with  catalytic  alkylation  the  non¬ 
catalytic  process  produces  alkylation  of  normal  paraffins  as  well  as  of 
isoparaffins.  The  alkylation  of  isobutane  with  ethylene  is  the  basis  ol  a 
commercial  process  for  making  neohexane  (p.  41). 

ch3  ch3 

ch3-ch  +  ch2=ch2  — >  ch3-c-ch2ch3 
CH3  CH3 


Similar  results  have  been  obtained  by  the  use  of  homogeneous  cata¬ 
lysts  such  as  aliphatic  halogenated  compounds  and  mtro  compounds 
When  isobutane  is  condensed  with  propylene  by  this  method,  the  chief 
products  are  2,2-dimethylpentane  and  tnptane. 
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Cl 


ch3 

CH3-C-CH2CH2CH3 

CHg 

2,2-Dimethylpentane 


ch3 

CH3-C — CHCII3 

ch3  ch3 

Triptane 


The  process  is  important  primarily  because  ol  the  triptane,  which, 
however,  is  formed  in  only  5-6%  by  weight  of  the  propylene  chaiged.24 

It  may  be  remarked  here  that  a  number  of  compounds  have  been 
found  to  resemble  tetraethyllead  in  improving  the  octane  rating  of  a 
gasoline.  Among  these  are  benzene,  toluene,  cumene,  and  isopropyl 
ether.  These  blending  agents  often  produce  a  great  effect  even  when 
used  in  small  amounts.  Indeed,  it  has  been  shown  that  large  quantities 
often  are  little  more  effective  than  a  few  per  cent. 


The  Diene  Reaction 

1,3-Butadiene  and  similarly  constituted  dienes  have  been  found  to 
condense  with  a  variety  of  unsaturated  aldehydes,  ketones,  esters, 
quinones,  and  the  like  to  give  six-membered  rings  (CR  31,  319).  Such 
compounds  are  known  as  dienophiles,  the  product  formed  from  the  diene 
and  the  dienophile  being  spoken  of  as  the  adduct. 

Isolated  examples  of  this  type  of  condensation  are  to  be  found  in  the 
early  literature,  but  it  remained  for  Diels  and  Alder  to  show  that  the 
reaction  was  widely  applicable;  it  is  usually  referred  to  as  the  Diels-Alder 
or  diene  reaction .  It  may  be  illustrated  by  1,3-butadiene  and  maleic 
anhydride.  CH 


S 

CH 

CH 

\ 


CH— CO 

+  II  >0 

CH— CO 


CH< 


CH  CH— CO 

II  I  >0 

CH  CH— CO 

\  / 

CH2 


Although  maleic  anhydride  is  the  dienophile  most  frequently  employed 

(OR  4,  1),  many  others  are  known  (OR  4,  60).  Acrolein,  for  example 
may  function  as  the  dienophile. 


CH 

CH 

\ 


CH, 


+ 


CHCHO 


CH2 

/  \ 

CH  CHCHO 


CH, 


CH, 


CH  CH, 

\  / 

CHo 


The  condensation  of  isoprene  with  benzoquinone  is  another  example. 

24  O’Kelly  and  Sachanen,  Ind.  Eng.  Chem .,  38,  462  (1946). 
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1,4-Naphthoquinone  has  been  employed  in  the  identification  of 
dienes  (OR  5,  150).  Its  reaction  with  2, 3-dimethyl-  1,3-butadiene  is 
illustrative;  the  yield  is  96%. 


O 


CH, 


X 


+ 
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CH, 
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cch3 
cch3 


o 

^xA/\CH 


WVch. 

II 
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A  further  point  of  interest  with  reference  to  such  adducts  is  that  they 
yield  anthraquinone  derivatives  when  dehydrogenated.  In  this  case 
dehydrogenation  to  2,3-dimethylanthraquinone  occurs  when  air  is 
passed  through  an  alkaline  solution  of  the  adduct  (OS  22,  37).  The 
over-all  yield  based  on  1,4-naphthoquinone  is  90%. 

By  the  use  of  cyclic  dienes,  bicyclic  adducts  may  be  formed.  The 
addition  of  maleic  anhydride  to  cyclopentadiene  is  an  example.25 


CH 


CH 


CHCO 


CH2  + 


CH 
%CH 


CHCO 
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It  is  to  be  noted  that  the  diene  reaction  requires  no  catalyst.  In  many 
cases  the  yields  are  very  high.  In  fact,  the  reaction  has  been  used  as 
the  basis  of  a  method  for  the  quantitative  estimation  of  butadiene.  The 
determination  is  carried  out  by  passing  the  gas  to  be  analyzed  through 
molte  maleic  anhydride  and  measuring  the  volume  of  gas  absorbed. 

The  Dienophile.  In  addition  to  acrolein,  benzoquinone,  napht  o- 
quinone,  and  maleic  anhydride  a  large  number  of  other  olefinic  or  acet¬ 
ylenic  compounds  can  serve  as  dienophiles.  In  most  of  these  the 

*  Alder  and  Rickert,  Ann.,  543,  1  (1939). 

26  Tropsch  and  Mattox,  Ind.  Eng.  Chem.,  Anal.  Ed.,  6,  104  (1*W- 
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ethylenic  or  acetylenic  linkage  is  activated  by  a  substituent.  It  has 
been  shown,  however,  that  under  certain  conditions  simple  olefins  may 
likewise  serve  as  dienophiles.27 

At  200°  and  200-400  atmospheres  ethylene  combines  with  1,3- 
butadiene,  for  example,  to  yield  cyclohexene. 


CH2 

/ 

CH  CH2  2oo° 

I  *  +11 

CH  CH2 

\ 

CH2 


2,3-Dimethylbutadiene  and  cyclopentadiene  behave  similarly. 

The  fact  that  in  each  of  these  examples  the  adduct  is  cyclohexene  or  a 
substituted  cyclohexene  demonstrates  that  this  type  of  olefin  cannot 
act  as  a  dienophile.  It  is  therefore  very  significant  that  cyclopentenes 
do  serve  as  dienophiles.28  This  behavior  of  cyclopentenes  is  another 
indication  that  the  ethylenic  bond  introduces  strain  into  the  five- 
membered  ring. 

Although  olefinic  compounds  of  great  variety  can  act  as  dienophiles, 
the  reaction  is  not  limited  to  them.  Sulfur  dioxide  can  function  as  a 
dienophile,  the  products  being  cyclic  sulfones.  Isoprene,  for  example, 
combines  with  sulfur  dioxide  in  the  following  way  (OS  29,  59 ;  82%  yield). 

?Hs  ch=cch3 

ch2=ch-c=ch2  +  S02 - ►  I  I 

ch2  ch2 

\  / 
so2 


Formaldehyde  reacts  with  2-methyl-  1,3-pentadiene  in  a  similar  way 
yielding  a  cyclic  ether.29  ’ 

CH3 


CH 

c£\ 


ch3ch=ch-c=ch2  +  ch2o 


CH, 


ch3c  ch2 

\  / 
ch2 


The  Diene.  The  diene  component  may  be  almost  any  compound 
containing  a  conjugated  system  of  multiple  carbon-to-carbon  linkages 

*  Josliel  and  But.z, Am.  Chem.  Snc.,  63,  3350  (1941) 

2.  ®erg,mann  and  Weizmann,  J.  Org.  Chem.,  9,  352  (1944) 

Gresham  and  Steadman,  J.  Am.  Chem.  Soc.,  71,  737  (1949) 
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For  example,  it  may  be  isoprene,  2, 3-dimethyl- 1,3-butadiene,  1,3-cyclo- 
hexadiene,  or  furan.  So  general  is  the  reaction,  in  fact,  that  it  has  been 
used  as  a  test  for  the  presence  of  a  conjugated  diene  system  in  a  molecule. 

As  might  be  expected,  the  diene  condensation  fails  with  4-methyl- 
1,3-pentadiene  (I),  the  product  being  a  copolymer.30  Apparently  a 
methyl  group  which  projects  in  the  direction  of  approach  of  the  diene 
to  the  dienophile  opposes  normal  condensation,  trans- Piperylene  (II), 
for  example,  undergoes  the  diene  condensation  with  maleic  anhydride, 
whereas  the  cis  isomer  (III)  does  not  yield  a  cyclic  product.31 
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A  synthesis  of  3,6-dimethylphthalic  anhydride  illustrates  the  use  of 
furans  in  the  diene  synthesis.32 
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An  extremely  interesting  example  is  furnished  by  anthracene,  in 
which  the  diene  system  is  part  of  an  aromatic  ring.  This  hydrocarbon 
has  been  condensed  with  a  number  of  dienophiles,  including  maleic  and 
fumaric  esters.  It  is  noteworthy  that  methyl  maleate  yields  a  as  com¬ 
pound,  whereas  methyl  fumarate  gives  a  trans  derivative. 

H  / - CHCO2CH3 

\/ 

AAA  chco2ch3  Avy\ 

+  CHCO2CH3 


vw 


TJ 


soHenne  and  Turk,  J.  Am.  Chem.  Soc.,  64,  826  (1942). 

>■  Craig,  Am.  Chem.  Soc  65,  1006  (IMS)-  44) 

32  Newman  and  Lord,  J.  Am.  Chem.  S  »  /104Q) 

Backmann  and  Scott,  J.  Am.  Chem.  Soc.,  70,  1458  (1948). 
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These  results  constitute  a  simple  example  of  the  general  rule  that  the 
diene  combines  with  the  double  bond  of  the  dienophile  in  the  cis  man¬ 


ner. 

With  benzene  and  its  derivatives  addition  does  not  occur.  However, 
condensation  has  been  effected  with  conjugated  systems  made  up  of  an 
ethylenic  side  chain  and  a  double  bond  of  an  aromatic  ring.34  An  illus¬ 
tration  is  the  condensation  of  a-  and  /3-vinylnaphthalenes  with  maleic 
anhydride. 


CH=CH2 
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Naphthalene  itself  and  certain  of  its  methyl,  dimethyl,  and  trimethyl 
derivatives  form  Diels- Alder  adducts  when  heated  at  100°  for  24  hours 
with  30  moles  of  maleic  anhydride.35 

By  use  of  nitrobenzene  as  the  solvent,  addition  and  dehydrogenation 
often  may  be  accomplished  in  one  step.36 

Phenylated  dienes,  with  a-naphthoquinones  and  benzoquinones  give 
phenylated  anthraquinones  directly.  With  maleic  anhydride’  the 
phthahc  anhydrides  are  obtained  directly.  A  similar  device  for  obtaining 
the  fully  aromatized  anhydrides  is  to  employ  dichloromaleic  anhydride 
and  subject  the  adduct  to  dehydrohalogenation. 


.  ,°  ®"’ 136>  869  (1935);  Bachmann  and  Scott,  J.  Am.  Chem.  Soc.  70 

35  ri  i  ‘lC  ‘mann  and  Deno>  J-  Am-  Chem.  Soc.,  71,  3062  (1949)  ’  ’ 

„  ZCl’  Bayton,  and  Herzog,  J.  Am.  Chem.  Soc.,  72,  273  (1950) 

ergmann,  Haskelberg,  and  Bergmann,  J.  Org.  Chem.,  7,  303  (1942). 
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It  is  of  interest  that,  when  the  diene  reaction  occurs  with  the  diphenyl- 
polyenes,  the  extremities  of  the  conjugated  system  are  attacked  first. 
Thus  the  pentaene,  which  can  condense  with  two  molecules  of  maleic 
anhydride,  does  so  at  the  ends,  leaving  the  central  ethylenic  bond 
unchanged. 

C6H5CH=CH-CH=CH-CH=CH-CH=CH-CH=CHC6H5  - ¥ 

c6h5ch-ch=ch-chch=chch-ch=ch-chc6h5 

\  /  \  / 

CH— CH  CH— CH 


CO  CO 

\  / 
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CO  CO 
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Dienes  can,  of  course,  serve  also  as  dienophiles  and  are  thus  capable 
of  undergoing  self-condensation  to  yield  cyclohexene  derivatives. 
1,3-Butadiene  yields  4-vinylcyclohexene,  for  example. 

ch2  ch=ch2 

CH  CH  ^CH=CH2 
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A  similar  behavior  has  been  encountered  with  chloroprene. 
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Chloroprene  also  forms  a  dimer  having  an  eight-membered  ring,  a  di- 

thReve«ibiUty  oMhe  Diene  Reaction.  The  condensation  of  ethylene 
with  butadiene  to  form  cyclohexene  is  a  reversal  of  the  pyrolysis  cited 

37  Foster  and  Schreiber,  /.  Am.  Chem.  Soc.,  70,  2303  (1948). 
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earlier  as  a  laboratory  method  for  making  butadiene  from  cyclohexene. 
It  would  appear,  then,  that  by  suitable  alteration  of  the  conditions  the 
diene  reaction  may  be  made  to  proceed  in  either  direction.  In  this 
instance  it  is  to  be  noted  that  high  pressure  favors  the  condensation  and 
low  pressure  the  reverse,  as  would  be  expected  if  the  process  is  ie\  eisible. 
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1,3-Butadiene  may  be  regenerated  from  its  dimer,  4-vinylcyclohexene, 
by  heat.38  CH 


CH  CHCH=CH2 
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CH  CHo 
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2CH2=CHCH=CH2 


Reversal  of  the  Diels-Alder  reaction  has  been  reported  in  a  number  of 
other  instances,  the  most  striking  of  which  involve  maleic  anhydride 
and  a  fulvene.  The  fulvene  obtained  from  cyclohexanone  and  cyclo- 
pentadiene  will  be  taken  as  an  example. 


/~ 


>=o  +  h2c 


\_ 


+  h2o 


This  hydrocarbon,  like  fulvenes  in  general,  is  highly  colored,  but  the 
adduct  is  colorless,  making  it  possible  to  tell  when  the  reaction  is  com¬ 
plete.  Although  the  condensation  is  very  rapid  at  room  temperature, 
the  adduct  dissociates  with  extreme  ease.  Its  solutions  develop  the 
bright  yellow  fulvene  color  slowly  at  room  temperature  and  rapidly  at 
the  temperature  of  the  steam  bath. 


CHCO 

+  II  >0 

CHCO 


The  use  of  nitrobenzene  as  solvent  removes  the  addition  product  from 
equilibrium  mixture  by  aromatization ;  this  procedures  makes  it 
possule  to  carry  out  diene  condensations  which  cannot  be  realized  other- 

38  Doumam,  Deering,  and  McKinnis,  Ind.  Eng.  Chem.,  39,  89  (1947). 
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A  method  of  purifying  anthracene  is  based  on  its  condensation  with 
maleic  anhydride.  The  purified  adduct  is  reconverted  to  anthracene 
and  maleic  anhydride  by  sublimation.  1,3-Butadiene  can  be  purified 
in  a  similar  way. 

Carbonyl  bridge  compounds  (CR  37,  209)  form  when  cyclopenta- 
dienones  are  employed,  the  adducts  being  aromatized  by  loss  of  hydrogen 
and  carbon  monoxide.  When  chloromaleic  anhydride  is  the  dienophile, 
carbon  monoxide  and  hydrogen  chloride  are  lost  by  the  adduct.  Thus 
tetraphenylphthalic  anhydride,  an  important  dye  intermediate,  is 
formed  by  heating  tetraphenylcyclopentadienone  with  chloromaleic 
anhydride  for  an  hour  in  boiling  bromobenzene.39 
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A  mechanism  which  has  been  proposed  for  the  reaction  postulates  that 
the  electron-rich  diolefin  supplies  a  pair  of  electrons  to  the  relatively 
electron-poor  double  bond  of  the  dienophile.  In  the  case  of  butadiene 
and  maleic  anhydride  the  steps  would  be  as  follows. 


CHs 


CO 


/ 

CH 

©CH 

+  1 

CH 

©CH 

% 

\ 

0 


CH2 


CO 


CHq  CO 

/  \  / 

©CH  CH 

I  I  /O 

CH  ©CH - CO 

% 

CH2 


ch2 


CH  ^CH-CO 

II  I  >° 

v  CH  CH-CO 

\  / 

ch2 


39  Synerholm,  J.  Am.  Chem.  Soc.,  67,  1229  (1945). 
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Propylene  has  been  condensed  with  maleic  anhydride  to  yield  allyl- 
succinic  anhydride,  the  reaction  taking  place  at  220-230°  and  110 
atmospheres.  Similar  substituted  succinic  anhydrides  were  obtained 
from  2-butene,  isobutylene,  cyclopentene,  and  cyclohexene  (AR  1943, 
101).  The  first  step  of  the  reaction  in  these  cases  is  probably  similar 
to  that  outlined  for  butadiene.  The  second  step,  however,  cannot  occur, 
and  the  reaction  takes  an  entirely  different  course. 


Condensation 

Isobutylene  readily  forms  dimers,  trimers,  etc.,  in  the  presence  of 
acid  catalysts  such  as  sulfuric  acid  and  zinc  chloride.  Dimerization 
yields  a  mixture  of  two  diisobutylenes — 2,4,4-trimethyl-l-pentene  and 

2,4,4-trimethyl-2-pentene — in  the  ratio  of  4  to  1. 

ch3  ch3 

2CH3C=CH2  - >  CH3CCH2C-CH2  and  CH3CCH=CCH3 

CH3  ch3  ch3  ch3  ch3 

These  are  used  to  prepare  “isooctane,”  2,2,4-trimethylpentane. 

Unlike  olefins  have  also  been  condensed  with  each  other.  For  example, 
isobutylene  and  2-methyl-2-butene  were  found  to  interact  in  the  presence 
of  an  alumina-silica  catalyst  at  110°  and  500  lb.  per  sq.  in.  gage  pressure 
to  yield  a  mixture  consisting  principally  of  nonenes.  The  mixture  was 
hydrogenated,  and  the  resulting  nonanes  were  separated  by  fractiona¬ 
tion.  The  nonane  fraction  was  found  to  contain  the  following  substances 
in  the  amounts  (percentages  by  volume)  indicated.40 


2.2.4- Trimethylhexane 

2.4 .4- Trimethylhexane 

2.2.3.4- Tetramethylpentane 

2.3.3.4- Tetramethylpentane 
Unknown 


30% 

31% 

9% 

1% 

100% 


Certain  olefinic  compounds  form  cyclic  dimers  that  are  derivatives 
exposed  to  light. CmnamlC  aCid’  f°r  eXample’  yields  "-truxillic  acid  when 

C0H5| - co2h 


2C6H5CH=CHC02H  - >  HOoC 


"  Johnson  an<i  Fawcett,  J.  Am.  Chem.  Soc.,  68,  1416  (1946). 
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A  similai  behavior  has  been  observed  with  methylenemalonic  ester. 
Hydrolysis  of  the  dimer  and  decarboxylation  of  the  resulting  tetra- 
carboxylic  acid  produce  cis- 1 ,3-cy  clobutanedicarboxylic  acid. 

- i(C02R)2  — ,co2h 

2CH2=C(C02R)2  •  '  2 


(R02C)2 


ho2c 


Iveto  ketenes  dimerize  to  cyclobutanediones  and  react  additively  with 
other  unsaturated  compounds  to  yield  cyclobutane  derivatives  (p.  395). 

This  type  of  reaction  has  been  encountered  with  certain  fluorinated 
olefins  also.  Tetrafluoroethylene,  for  example,  not  only  dimerizes  to 
octafluorocyclobutane  but  combines  with  other  olefinic  substances  to 
form  cyclobutane  rings.  Its  reactions  with  acrylonitrile  and  butadiene 


are  illustrative.41 

CF2=CF2  +  CH2=CHCN 


cf2=cf2  +  ch2=chch=ch2 - > 


cf2-cf2 

ch2-chcn 
cf2— cf2  c2F4 

ch2-ch-ch=ch2 

cf2-cf2  cf2-cf2 

CH2-CH— CH— CH2 

Cyclization  of  alkadienes  and  polyenes  often  occurs  in  the  presence  of 
strong  mineral  acids.  Thus  linaloolene  changes  to  cyclolinaloolene  by 
forming  a  ring. 


CH3 

i 

c 

/  \ 

ch3ch  ch2 
(ch3)2c  ch2 


ch3 

(CH3)j 


CH; 

/\ 


\ 


V 


CH 


Similarly,  cx,'y,e-octatrienal  forms  dihydro-o-tolualdehyde. 

CHO 


CH 

CH3CH  CH 


CHO 


41  Coffman,  Barrick,  Cramer, 


CH; 


CH  CH  \/ 

\  / 

CH 

and  Raasch,  J.  Am.  Chem.  Soc.,  71,  490  (1949). 
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Compounds  having  a  terminal  vinyl  group  undergo  what  is  called 
vinyl  polymerization  when  treated  with  suitable  catalysts.  This  type  of 
condensation  is  discussed  in  Chapter  XXV. 

Acetylene  undergoes  self-condensation  to  yield  a  variety  of  products. 
Spongy  copper  catalyzes  a  polymerization  reaction  leading  to  a  highly 
complex  material  known  as  cuprene. 

In  the  presence  of  cuprous  chloride  and  ammonium  chloride,  acetylene 
condenses  to  vinylacetylene  and  divinylacetylene. 

C2H2 

HCeeCH  +  HCeeCH  - >  CH2=CHCeeCH  —4 

CH2=CHCeeCCH=CH2 

Another  example  is  the  formation  of  benzene  by  passing  acetylene 
through  a  red-hot  glass  tube. 


3HC=CH 


4  CJL 


The  condensation  of  acetylene  with  itself  affords  high  yields  of  benzene 
and  lesser  amounts  of  other  aromatic  hydrocarbons.  The  acetylene, 
diluted  with  an  equal  amount  of  carbon  dioxide,  is  heated  at  about  600°, 
preferably  in  the  presence  of  vanadium  pentoxide  as  a  catalyst.42  The 
use  of  a  diluent  is  equivalent  to  employing  reduced  pressure  and  dimin¬ 
ishes  the  number  of  intermolecular  collisions,  thus  favoring  cyclization. 
The  condensate  obtained  in  this  way  contains  benzene  (66%)  toluene 
(8%),  xylene  (2%),  and  styrene  (7%). 

During  World  War  II  the  Germans  utilized  a  modification  of  this 
process  to  synthesize  benzene.  The  condensation  was  run  in  the  presence 

°f  ni°keI  carbony1  and  triphenylphosphine 
UNiMJj2-[(C6H5)3P]2).  With  this  catalyst  not  only  acetylene  but  also 
substituted  acetylenes  afford  high  yields  of  aromatic  compounds. 

ropargyl  alcohol,  for  example,  produces  an  almost  quantitative  yield 
ol  a  mixture  of  two  trimethylol  derivatives  of  benzene.43 


3HOCH2C=CH  - ►  HOCH. 


ch2oh 


and 


CH2OH 


HOCH2r%CH2OH 

%VH2OH 


When  a  nickel  cyanide  catalyst  was  employed,  other  products  were 

Ss  andm0ngt  7  l  "  yel'0W  liqUkl  that  -ntaineS  four  0, el 

bu,  oydobcta,  Th,  ot  the  J,cl0«™  “d* 

42  Schwarz,  Ber.,  75B,  2012  (1942). 

“  Hl'PPe’  Schlil,hti'>g,  Klager,  and  Toepel,  Ann.,  660,  1  (1948). 
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by  oxidation  of  the  reduced  compound  to  suberic  acid.  The  condensation 
product  is,  accordingly,  cyclooctatetraene.^ 

Resonance,  which  is  responsible  for  the  low  reactivity  of  the  double 
bonds  in  the  benzene  ring,  occurs  only  if  the  system  is  planar  or  nearly 
so.  Since  an  eight-membered  ring  does  not  have  a  planar  configuration, 
cyclooctatetraene  would  not  be  expected  to  have  aromatic  properties. 
This  prediction  has  been  confirmed  (AR  1947,  120).  The  hydrocarbon 
is  very  unstable,  readily  undergoing  oxidation,  polymerization,  etc.  It 
is  preserved  by  antioxidants.  The  Raman  spectrum  is  in  agreement  with 
the  cyclooctatetraene  structure.45 


A 

v 

Benzene 


Cyclooctatetraene 


/=\ 


ch=ch2 


Vinylcyclooctatetraene 


Higher  condensation  products  were  isolated,  but  apparently  they  are 
vinyl  derivatives  of  cyclooctatetraene,  none  containing  a  ring  of  more 
than  eight  members. 


Isomerization 

Olefins.  Unsaturated  compounds  often  undergo  rearrangements 
which  involve  a  shift  of  the  multiple  linkage.  Thus  in  an  olefin  a 
terminal  double  bond  will,  under  suitable  conditions,  migrate  to  a 
nonterminal  position,  preferably  to  a  position  adjacent  to  a  side  chain. 
8-Olefins,  for  example,  are  formed  from  a-olefins  at  35-150°  in  the  pres¬ 
ence  of  reduced  cobalt  or  nickel.  Allyl  alcohol  rearranges  to  propion- 
aldehyde  at  temperatures  in  the  range  200-300°  in  the  presence  of  copper. 

Another  type  of  isomerization  is  the  interconversion  of  m  and  trans 
forms  of  olefins.  This  type  of  change  occurs  when  the  less  stable  isomer 
usually  the  cis  modification,  is  heated  or  is  treated  with  certain  chemica 
reagents.  Thus  maleic  acid  is  isomerized  to  fumar.c  acid  by  heat 
(Gilman  I,  453).  Oleic  acid  can  be  changed  to  elaidic  acid  in  goo  y ie 
by  heating  for  2  hours  at  220-225°  in  the  presence  of  a  small  amount  o 
selenium.  ^  The  same  isomerization  occurs  when  oleic  acid  is  treated  « 
nitrous  acid.  Nitrous  acid  serves  also  to  convert  erucic  acid  (p. 

h1  Acetylenic '  Hydrocarbons.  The  production  of 

by  dehydrohalogenation  of  halogen  compounds  under  the  influence 

41  Reppe,  Schlichting,  Klager,  ami  Toepel,  Ann  560, ,93 U1948). 

46  Lippincott  and  Lord,  7.  Am.  Chem  Soc ,  68,  1868  (1946). 

46  Rankoff,  J.  prakt.  Chern.,  131,  293  (1931). 
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alkalies  (p.  149)  has  the  disadvantage  that  the  alkalies  promote  migra¬ 
tion  of  the  acetylenic  group  from  a  terminal  to  a  nonterminal  position 
in  the  chain  (OR  5,  13).  1-Butyne,  for  example,  rearranges  to  2-butyne 
when  heated  at  170°  for  16  hours  in  the  presence  of  alcoholic  potash. 

Dienes.  As  might  be  expected,  there  is  a  marked  tendency  for  dienes 
to  rearrange  in  such  a  way  as  to  bring  the  double  bonds  into  a  conjugate 
arrangement.  For  example,  when  piperidine  is  subjected  to  exhaustive 
methylation  (p.  539),  the  product  is  not  the  expected  1, 4-pen tadiene 
but  piperylene,  formed  by  rearrangement  (p.  540). 

ch2=chch2ch=ch2  — >  ch2=chch=chch3 


1,4-Pentadiene  has  an  active  methylene  group,  and  its  ready  rearrange¬ 
ment  to  piperylene  is  easily  understood. 

The  ease  of  this  type  of  migration  is  enhanced  likewise  if  the  isomeriza¬ 
tion  brings  a  double  bond  into  a  conjugate  position  with  an  aromatic 
ring.  Allylbenzene  rearranges  readily  to  propenylbenzene. 


ch2ch=ch2  koh 


V 


s/ 


ch=chch3 


The  isomerization  of  safrole  and  eugenol  (p.  232)  by  alkali  further 
illustrates  this  type  of  rearrangement.  1,4-Dihydronaphthalene  likewise 
rearranges  to  the  1,2  isomer. 

Dienes  in  which  the  double  bonds  are  far  apart  rearrange  also  but  with 
less  ease.  Biallyl  and  bimethallyl,  for  example,  rearrange  only  at  high 
temperatures.  Biallyl  (p.  130)  rearranges  to  2,4-hexadiene  at  250°  in 
the  presence  of  an  aluminum  oxide-chromium  oxide  catalyst.30 


<Jr2u3 

ch2=chch2ch2ch=ch2  — 2°3  >  CH3CH=CHCH=CHCH3 

Cr203 

CH2=CCH2CH2C=CH2  — — U  ch3c=chch=cch3 
ch3  ch3  ch3  ch3 

It  is  interesting  that  bimethallyl  rearranges  more  readily  than  does 
biallyl  As  was  to  be  expected  (p.  64),  the  dienes  obtained  by  rearrange¬ 
ment  fail  to  yield  Diels-Alder  adducts  with  maleic  anhydride 

usefuTmethorl  T h°  ls°menzatl°n  ol  alicyclic  dienones  is  a  potentially 
useful  method  for  obtaining  phenols  (CR  33,  89).  Examples  of  stable 

•? 

—  *  acids  and  may 
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elimination  of  the  acid.  It  has  been  found  that  carvone  and  dibenzal- 
cyclohexanone  rearrange  almost  quantitatively  in  the  presence  of  a 
palladium-charcoal  catalyst.47 


H3c  0 

A/0 

ch3 

HC1 

— > 

V 

X/ 

1 

C 

/  \ 

CH 

/  \ 

CH2  ch3 

Carvone 


ch3  ch3 

Carvacrol 


o 


c6h5ch  I  chc6h5  c6h5ch2  9hch2c6h5 

-  HBr 

— > 


Dibenzalcyclohexanone  2,6-Dibenzylphenol 

Another  interesting  example  is  2-methylene-l-tetralone,  which  re¬ 
arranges  to  2-methyl- 1-naphthol. 

0  r  OH 

2  /\/ScH, 


W 


/\/vCH! 


Vinylation 

Vinyl  chloride  is  manufactured  by  the  addition  of  hydrogen  chloride 
to  acetylene  in  either  the  liquid  or  the  vapor  phase.  The  latter  method 
was  employed  by  the  Germans  during  World  War  II.48 

Acetylene  condenses  with  acetic  acid  in  the  presence  of  mercuric 
acetate  to  yield  either  vinyl  acetate  or  the  diacetate  of  acetaldehyde, 
depending  on  whether  one  or  two  moles  of  acid  are  used. 

HCfeCH  +  CH3C02H  -I*fOC'>C'1^  CH2=CHOCOCH3 

HCfeCH  +  2CH3C02H  1I*(0<'0C1^  CH3CH(OCOCH3)2 

The  diacetate  may  be  decomposed  thermally  into  acetaldehyde  and 
acetic  anhydride.  Vinyl  acetate  can  be  made  also  by  condensmg 

«  Horning,  J.  Org.  Chew..,  10,  263  (1945).  (1945) 

«  Fierz-David  and  Zollinger,  Helv.  Chim.  Acta,  28,  ll.o  (l->45). 
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acetylene  with  acetic  acid  in  the  vapor  phase,  a  method  used  on  an  ex¬ 
tensive  scale  by  the  Germans  during  the  war. 

Substituted  acetylenes  have  been  employed  similarly.  Vinylacetylene 
condenses  with  acetic  acid  in  the  presence  of  boron  fluoride  to  yield  acetic 
anhydride  and  methyl  vinyl  ketone;  presumably  the  diacetate  is  an 
intermediate. 

OCOCH3 

CH2=CHC=CH  — 4  CH2-CHCCH3  - > 

OCOCH3 

CH2=CHCOCH3  +  (CH3C0)20 


Vinyl  methacrylate  is  formed  when  methacrylic  acid  is  condensed 
with  acetylene. 

HgS04 

ch2=cco2h  +  HC=CH  — — >  ch2=cco2ch=ch2 
ch3  ch3 


Vinyl  chloroacetate  is  prepared  from  acetylene  and  chloroacetic  acid  in  a 
similar  way  (OS  28,  94;  49%  yield). 

This  general  method  of  preparing  vinyl  esters  was  extended  by  the 
Germans  to  the  higher  acids  by  the  use  of  pressure  and  of  catalysts  con¬ 
sisting  of  zinc  or  cadmium  salts  of  organic  acids;  yields  of  about  90% 
veie  obtained  of  vinyl  esters  of  acids  from  butyric  to  montanic 
(C29H59C02H). 

The  reaction  of  acetylene  with  acids  illustrates  the  behavior  of  acet¬ 
ylene  with  compounds  containing  active  hydrogen.  The  products  are 

vinyl  compounds,  and  the  type  of  reaction,  vinylation,  has  been  found  to 
be  very  general. 

.  RePPe’s  process  for  preparing  vinyl  ethers  is  of  unusual  importance 
inasmuch  as  there  was  previously  no  satisfactory  method  of  makino- 
these  valuable  compounds.  Reppe’s  method  involves  condensation  of 
alcohols  with  acetylene  at  150-160°  in  the  presence  of  a  small  amount  of 

readhy T  S°dmm  hydrox,de-49  Primary  and  secondary  alcohols  react 

ROH  +  C2H 2  - 1  ROCH=CH2 

Mei  cap  tans  are  vinylated  in  a  similar  way. 


RSH  +  HteCH  - ►  RSCH=CH2 

Vinyl  ethers  may  combine  with  alcohols  to  yield  acetals  wh.VV, 
as  by-products  in  the  vinylation  of  alcohols.  This  type  of  reaction  may 

I***  and  Fuller>  Ind •  En9-  Chem.,  40,  1171  (1948)  • 

.  Schildknecht,  Zoss,  and  McKinley,  Ind.  Eng.  Chem.,  39,  180  (1947). 
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be  made  to  predominate  under  properly  chosen  conditions.  From 
ethylene  glycol,  by  suitable  control  of  the  reaction  conditions,  may  be 
prepared  not  only  the  normal  divinylation  product  but  also  the  mono¬ 
vinyl  ether  and  the  isomeric  cyclic  acetal. 


CH2OH 

ch2oh 


CH2OCH=CH2 

ch2och=ch2 


CHoOH 

I 

CH2OCH=CH2 


ch2-o 


CHo-CK 


CHCH3 


1,3-Butanediol  yields  chiefly  the  cyclic  acetal  (I),  whereas  1,4-butane- 
diol,  because  of  the  greater  distance  between  the  hydroxyl  groups,  gives 
the  divinyl  ether  (II)  almost  exclusively. 

CH2-0 

/  \ 

ch2  chch3  ch2=choch2ch2ch2ch2och=ch2 

\  / 

ch3— ch-o 

I  II 

Secondary  amines,  such  as  carbazole,  and  phenols  are  vinylated  also. 
One  of  the  most  remarkable  reactions  developed  by  the  Germans  is 
the  vinylation  of  hydrogen  cyanide  to  produce  acrylonitrile. 

C2H2  +  HCN  - >  CH2=CHCN 

This  reaction  is  carried  out  in  the  presence  of  a  catalyst  made  by  adding 

an  alkali  chloride  to  copper  acetylide. 

Acetylene  reacts  additively  with  nitromethane  to  yield  1-mtropro- 
pene.51  The  initial  condensation  product  is  presumed  to  be  3-mtro- 
propene,  which  undergoes  rearrangement,  the  double  bond  becoming 

conjugated  with  the  nitro  group. 

hc=ch  +  ch3no2  — ♦  ch2=chch2no2  —4  ch3ch=chno2 

In  summary,  it  may  be  said  that  vinylation  occurs  with  those  active 
hydrogen  compounds  which  form  stable  sodium  or  potassium  salts. 

u  Vanderbilt  and  Hass,  Ind.  Eng.  Chem.,  32,  34  (1940). 
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Compounds  containing  a  hydroxyl  group  united  to  carbon  include 
the  alcohols,  phenols,  enols,  and  carboxylic  acids.  These  compounds 
may  suffer  replacement  of  the  hydroxyl  hydrogen  atom  or  undergo  loss 
or  replacement  of  the  entire  hydroxyl  group.  The  most  usual  reactions 
of  the  first  category  involve  replacement  of  the  hydrogen  atom  by  an 
alkyl,  aryl,  or  acyl  group  or  by  a  metal.  The  most  important  type  of 
hydroxyl  group  replacement  consists  in  the  conversion  of  the  hydroxyl 
compound  to  the  corresponding  halogen  derivative.  The  hydroxyl  group 
may  be  lost  also  by  dehydration,  through  elimination  of  the  elements  of 
water  and  the  resulting  introduction  of  a  double  bond. 

The  readiness  with  which  a  hydroxyl  group  undergoes  these  changes 
\ anes  with  the  natuie  of  the  radical  to  which  it  is  joined.  The  influence 
of  the  adjacent  radical  is  revealed  most  conspicuously  in  the  effect  it 
exeits  on  the  acidic  character  of  the  hydroxyl  compound.  As  was 
pointed  out  earlier  (p.  5),  the  relative  acid  strengths  of  the  various  types 
of  hydroxyl-containing  compounds  can  be  predicted  from  the  relative 
power  of  electron  release  or  uptake  exhibited  by  the  adjacent  radical. 
I  hat  is,  the  acid  strength  is  a  measure  of  the  electron  withdrawal  from 
the  oxygen  atom.  Thus,  it  can  be  predicted  that  phenols  will  be  stronger 
acids  than  alcohols  but  weaker  than  carboxylic  acids— predictions  that 
are  in  general  agreement  with  the  facts. 

It  is  worth  while  to  compare  phenols  and  carboxylic  acids  with  allylic 
hydrocarbons.  -y“o 

ch2=ch-ch2-h 

/CH=CH-0-H 
CH  >CH  ~ 

XCH-CH 


0=C-0-H 

i 

R 


The  ease  of  removal  of  the  underscored  hydrogen  atom  in  i  , 
phenoxide  ion  which  possesses  resonance.  ho1,  leaves  a 
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Resonance  stabilization  is  enhanced,  of  course,  by  groups  such  as  nitro 
in  ortho  or  para  positions  since  these  provide  additional  resonance 
structures.  Thus,  o-  and  p-nitrophenols  are  stronger  acids  than  phenol 
itself  and  also  than  m-nitrophenol.  Also,  2,4-dinitrophenol  will  be 
stronger  than  a  mononitro  phenol;  and  picric  acid  will  be  still  stronger. 
Similar  predictions  can  be  made  with  reference  to  phenols  containing 
other  meta-directing  groups.  Such  predictions  are  in  general  agreement 
with  the  facts. 

In  a  similar  way  the  strength  of  a  carboxylic  acid  would  be  expected 
to  be  decreased  by  electron  feed-in  at  the  carbonyl  carbon  atom  and 
enhanced  by  the  reverse  process.  In  addition  to  the  feed-in  of  electrons 
by  the  alkyl  group  resonance  must  be  considered.  The  carboxylate  ion 
is  greatly  stabilized  by  resonance,  which  favors  dissociation. 

0  ?~ 

R— CO-  i — ¥  — 0 


The  tendency  to  undergo  ionization  in  water  solution  is  enhanced  by 
substituents  that  withdraw  electrons.  In  chloroacetic  acid,  tor  example, 
the  strong  attraction  of  the  chlorine  atom  for  electrons  increases  the 
deficit  at  the  carbonyl  carbon  atom,  making  the  acid  stronger  than 
acetic  acid.  Trichloroacetic  is,  of  course,  stronger  than  the  mono  or 
dichloro  acid.  The  inductive  effect  becomes  smaller  as  the  chlorine 
atom  is  moved  along  the  chain.  Thus,  the  dissociation  constants  of 
a-,  (3-,  and  y-chlorobutvric  acids  are  as  follows. 


K 

CH3CH2CHCICO2II  139.0  X  10 

CH3CHCICH2CO2H  8.9  X  10 

CICH2CH2CH2CO2H  3.0  X  10 


It  should  be  pointed  out  that  many  phenols,  sometimes  called  crypto- 

phenols  are  so  weakly  acidic  as  to  be  insoluble  in  aqueous  alkali.  They 

do  dissolve  however,  in  a  methanolic  potassium  hydroxide  solution, 
do  d'^olve,  nm  e  ^  a,kali  pheno|s  having  bulky 

groups  in  both  ortho  positions  are  insoluble  even  in  Claisen’s  solution 
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and  fail  to  give  a  color  with  ferric  chloride.  2,4,6-T ri-^-butylphenol  is 
an  example  of  this  group,  known  as  hindered  phenols.1 

It  is  significant  that  enols  of  simple  aldehydes  and  ketones  have  been 
isolated  only  in  highly  hindered  systems.  An  example  is  dimesitylvinyl 
alcohol.  Indications  are  that  such  enols  are  neutral  or  nearly  so.  They 
are  reminiscent  of  the  cryptophenols.  Stable  enols  usually  are  so  con¬ 
structed  as  to  have  the  enolic  double  bond  in  conjugation  with  a  carbonjd 
group:  0=C-C=C-0H.  The  structural  similarity  between  enols  and 

i  i  i 

R  R  R 

phenols  is  thus  very  close. 


Hydrogen  Bonding 

A  property  common  to  water,  alcohols,  phenols,  and  carboxylic  acids 
is  that  of  undergoing  association.  To  explain  this  behavior  it  was  postu¬ 
lated  that  two  oxygen  atoms  might  be  connected  by  a  hydrogen  atom, 
the  hydrogen  thus  becoming  bivalent.  The  association  of  water  and 
of  alcohols  would  be  represented  as  follows.2 


H-0 1  +  H-0 


H 


H 


H-0 1  +  H-0 


H-O-H-O  i 

i  i 

H  H 
H-O-H-O  i 

i  i 

R  R 


R  R 

Although  the  nature  of  the  hydrogen  bond  is  not  yet  fully  understood 
its  occurrence  has  proved  to  be  very  widespread,  many  examples  now 
being  known  The  phenomenon,  known  as  hydrogen  bonding,  is  not 
limited  to  hydroxyl  compounds  (O-H-O)  but  occurs  with  fluorine  com- 

n”n  ‘n  h  si  ITt;  F‘H_0)'  f'cem  (N-H-O, 

JN,  JN  H  S),  and  sulfur  compounds  (N-H-S,  O-H-S)  There  is 

evidence  that  very  weak  hydrogen  bonds  are  formed  by  carbon  also 

y  ’  ~  H_N)-  Indications  are  that  still  other  elements  likewise 
may  piove  to  possess  this  property  (AR  1946  141) 

For  the  first  short  period  of  the  Mendeleeff  table  the  tendency  for 
hydrogen  bonding  increases  in  the  following  order.  7 

CH  <  NH  <  OH  <  FH 

The  existence  of  hydrogen  bonds  has  been  demonstrated  in  „„  • 
ways,  one  of  the  most  useful  of  which  employs 

«•  *  ««*>. 
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tra.  It  depends  on  the  observation  that  the  absorption  band  char¬ 
acteristic  of  the  group  M-H  is  found  at  a  lower  frequency  when  the  hy¬ 
drogen  atom  serves  as  a  bond  (e.g.,  M-H-N). 

The  stability  of  ordinary  enols  is  believed  to  be  greatly  dependent  on 
hydrogen  bonding.  Thus  the  enol  form  of  acetylacetone  is  thought  to 
be  resonance  stabilized. 


H 

/  \ 

O  O 


ch3c  cch3 

\  / 

CH 


H 


0 


ch3c 


\ 


o 

CCHc 


CH 


Association  of  carboxylic  acids  does  not  proceed  beyond  the  dimer, 
which  has  been  assigned  an  eight-membered  ring  structure  containing 
two  hydrogen  bonds  (AR  1933,  115). 

/)  /0-H-0\ 

2RC  - ►  RC  CR 

xOH  '0-H--0' 


Etherification 

The  formation  of  ethers  by  combining  two  molecules  of  a  hydroxyl 
compound  with  the  loss  of  the  elements  of  water  is  generally  useful  only 
with  the  alcohols.  In  other  words,  this  type  of  intermolecular  reaction 
occurs  only  with  the  hydroxyl  compounds  whose  hydroxyl  groups  possess 
an  oxygen  atom  having  a  high  electron  density.  Whatever  the  mecha¬ 
nism  of  etherification  may  be,  it  evidently  requires  that  the  hydroxyl 
group  have  marked  donor  capacity. 

”  The  simplest  method  of  converting  an  alcohol  to  the  corresponding 
ether  consists  in  treatment  with  sulfuric  acid.  This  method,  useful 
with  the  simpler  primary  alcohols,  affords  only  symmetrical  ethers. 
Higher  alcohols  may  be  converted  to  ethers  by  way  of  a  sulfonic  ester. 
For  example,  isoamyl  ether  can  be  made  by  use  of  the  following  reactions: 

— >  C5H„0S02C7H7  +  HC1 


C5H„OH  +  C1S02C7H7 
C5H„0S02C7H7  +  C5H„OH 


C5H11OC5H11  +  c7h7S03h 


ft1*  stfus>assa?& 

ZSE&St  .‘.h„s  -  be  PT^  by  .be 

carbinol  from  an  alcohol  containing  a  trace  of  acid. 


THE  DIAZOMETHANE  METHOD 


81 


A  possible  reaction  sequence  is  the  formation  of  a  carbonium  ion,  which 
coordinates  with  a  molecule  of  alcohol  to  produce  a  protonated  ether 
molecule. 

H 

R+  +  ROH  - »  [R-0-R]  + 


Ethers  of  alcohols  are  made  also  by  the  Williamson  type  of  synthesis 
(p.  123),  in  which  an  alkali  alkoxide  is  treated  with  an  alkyl  halide  or 
sulfate.  With  phenols  this  is  the  usual  method  of  producing  ethers. 

Phenols  combine  with  olefins  to  yield  aryl  ethers,  which  readily 
undergo  isomerization  to  the  corresponding  substituted  phenols  (p.  3 16). 3 

Exceptional  among  phenols  is  2-naphthol,  which  can  be  converted  to 
ethers  by  treatment  with  an  alcohol  in  the  presence  of  an  acid  catalyst. 
It  has  been  suggested  that  alcohol  adds  to  the  double  bond  in  the  1,2 
position  and  that  water  is  then  eliminated. 


/\/v 


ROH 


W 


OH 


-h2o 


AA 


/OR 

\/\/x>h 

/\ 

H  H 


W 


OR 


Whether  this  is  the  exact  mechanism  or  not,  it  seems  certain  that  the 
double  bond  must  participate  in  some  such  fashion.  The  etherification, 
as  might  be  expected,  is  almost  completely  stopped  by  a  bromine  atom 
oi  nitio  gioup  in  position  l.4  Alkyl  groups  have  a  similar  effect.5 

Evidence  of  a  similar  nature  has  been  presented  by  Bucherer,  who 
isolated  an  addition  compound  from  2-naphthol  and  sodium  bisulfite. 


W 


OH 


+  HS03Na 


,  ,/OH 

V'X/'SOsNa 
/\ 

H  H 


Tins  substance  probably  is  an  intermediate  in  the  Bucherer  reaction 

(p  *06)— the  conversion  of  2-naphthol  into  2-naphthylamine  by  the 
action  of  sodium  bisulfite  and  ammonia.  J 

The  Diazomethane  Method.  Diazometlnnp  (n  .-/in,  •  ,  , 

~rifthPheh°1S  and  °ther  C0mp0Unds  containing  acidic  hydroxyl 
g  ups.  Although  expensive  and  hazardous,  this  method  nti 

’f  Ty  adVantage°US  and  has  been  used  frequently,  the  usual  procedure 

43  ^atels°n,  J-  Am.  Chem.  Soc.,  56,  1583  (1934). 

Davis,  J.  Chem.  Soc.,  77,  33  (1900). 

1  Fieser  and  Lothrop,  J.  Am.  Chem.  Soc.,  67,  1459  (1935). 


82 


HYDROXY  COMPOUNDS 


being  to  add  the  hydroxyl  compound  to  an  ether  solution  of  the  methylat¬ 
ing  agent.  The  methylation  is  accompanied  by  rapid  evolution  of 
nitrogen. 

ArOH  +  CH2N2  - >  ArOCH3  +  N2 

Alcohols  react  with  diazomethane  only  under  special  conditions,  the 
methylation  becoming  increasingly  facile  as  the  acidic  character  of  the 
hydroxyl  group  is  increased  (CR  23,  193).  Oximes  yield  O-methyl 
ethers.  Ethyl  acetoacetate,  a  typical  enolic  substance,  reacts  slowly  to 
yield  ethyl  /3-methoxycrotonate. 

The  reaction  of  diazomethane  with  carboxylic  acids  is  the  basis  for 
quantitative  determination  of  the  amount  of  diazomethane  in  a  given 
solution.  It  is  allowed  to  react  with  an  excess  of  benzoic  acid,  and  the 
excess  of  acid  is  determined  by  titration  (OS  II,  166). 

C6H5C02H  +  CH2N2  - >  C6H5C02CH3  +  N2 


Esterification 

The  formation  of  an  ester  by  the  interaction  of  a  carboxylic  acid  and 
an  alcohol  in  the  presence  of  a  mineral  acid  is  a  reversible  process  and 
can  be  made  to  proceed  virtually  to  completion  in  either  direction  by  use 
of  a  large  amount  of  the  alcohol  or  of  water. 

RC02H  +  R'OH  RC02R'  +  H20 

The  forward  reaction,  esterification,  is  believed  to  proceed  by  the 
addition  of  the  alcohol  to  the  carbonyl  group  of  the  acid.  This  process 
has  been  formulated  as  occurring  in  the  following  steps. 


/O 

RC  +  HA 
xOH 
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OH 


xOH 
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+  A 


✓ 


OH 
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xOH 


+  ROH 
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/OH  /R 

RC  < - O 

xOH  XH 
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+  A 


/OH  /R 

RC  < - O 

X)H  XH 


/OH 

RC - OR  +  HA 
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OH 


The  mono  ester  of  the  ortho  acid  is  converted  to  the  ester  by  loss  of  the 

olements  of  water.  r 

The  reverse  reaction,  hydrolysis,  involves  the  same  sequence  of 

i  +  ,un  ;n  tho  reverse  order.  Base-catalyzed  hydrolysis,  sapom- 

JET  fwil,.^oTv”v,  tto  Edition  of  hydroxyl  ion  ..  tl« 
bonyl  carbon  atom,  followed  by  the  release  of  the  alkoxyl  group.  y 
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use  of  the  oxygen  isotope  of  mass  18  it  has  been  proved  that  the  rupture 
occurs  on  the  acid  rather  than  the  alcohol  side  of  the  ether  linkage.6 

In  practice  it  is  usual  to  employ  one  of  the  reactants,  selected  on  the 
basis  of  availability  and  ease  of  recovery,  in  large  excess  in  order  to 
convert  the  other  as  completely  as  possible  to  the  ester.  Since  the  rate 
of  esterification,  like  the  rates  of  many  reactions,  is  approximately 
doubled  for  every  10°  rise  in  temperature,  it  is  usual  to  esterify  by  use  of 
heat.  The  rate  of  esterification  is  increased  enormously  by  the  presence 
of  strong  mineral  acids.  In  general  practice,  hydrochloric  and  sulfuric 
acids  are  the  ones  most  commonly  used,  the  former  being  in  favor  in 
the  laboratory  on  account  of  its  efficiency,  and  the  latter  in  the  plant 
on  account  of  its  cheapness  and  on  account  of  its  less  corrosive  effect  on 
metals. 

In  many  cases  a  satisfactory  yield  can  be  obtained  only  by  removal 
of  one  of  the  reactants  during  the  process.  An  example  is  the  prepara¬ 
tion  of  methyl  pyruvate.  Pyruvic  acid  is  difficult  to  esterify  not  only 
because  of  the  unfavorable  nature  of  the  equilibrium  but  also  because 
of  the  very  rapid  hydrolysis. 

CH3COCO2H  +  CH3OH  CH3C0C02CH3  +  H20 


Methyl  pyruvate  is  made  by  heating  a  mixture  of  pyruvic  acid,  methanol, 
and  benzene  in  the  presence  of  p-toluenesulfonic  acid.  A  methyl  ester 
column  is  employed,  which  permits  removal  of  the  water  as  it  forms 
(OS  24,  72;  71%  yield).  Ethyl  nicotinate  is  produced  in  a  similar  way. 

Esterification  can  be  caused  to  proceed  to  virtual  completion  also  by 
removal  of  the  ester  as  it  forms.  An  example  is  the  commercial  prepara¬ 
tion  of  ethyl  acetate  from  aqueous  solutions  of  ethanol,  acetic  acid,  and 
sulfuric  acid.  It  happens  that  the  lowest-boiling  liquid,  that  which  is 
taken  off  by  use  of  an  efficient  column,  is  a  ternary  mixture  of  ethyl 
acetate  (83.2%),  ethanol  (9%),  and  water  (7.8%).  The  ethanol  is 

removed  by  washing  with  water.  Many  of  the  simpler  esters  can  be 
made  in  this  way. 

Ethyl  adipate  can  be  produced  in  nearly  quantitative  yields  by  heating 
a  mixture  of  ethanol  and  adipic  acid  in  the  presence  of  sulfuric  acid  the 
water  being  removed  as  fast  as  it  forms.  The  removal  is  effected  by 
adding  toluene  to  the  reaction  mixture  and  conducting  the  reaction  in 
such  a  way  that  distillation  occurs;  the  distillate  is  an  azeotropic  mixture 
of  toluene,  ethanol,  and  water  (OS  II,  264;  97%  yield). 

Another  procedure  for  removing  the  water  is  to  carry  out  the  esteri¬ 
fication  in  the  presence  of  anhydrous  calcium  chloride.  The  preparation 

6  Polanyj  and  Szabo,  Trans.  Faraday  Soc.,  30,  508  (1934). 
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of  ethyl  tridecan oate  is  illustrative  (OS  II,  292).  Methyl  oxalate  can  be 
made  satisfactorily  by  heating  a  mixture  of  anhydrous  oxalic  acid 
(OS  I,  421)  and  methanol  in  the  presence  of  concentrated  sulfuric  acid 
(OS  II,  414;  76%  yield). 

Bromoacetic  acid  and  ethanol  afford  a  70%  yield  of  ethyl  bromoace- 
tate  when  the  esterification  is  carried  out  in  a  special  apparatus  permit¬ 
ting  the  removal  of  the  water,  which  collects  at  the  bottom  of  the  reac¬ 
tion  vessel  (OS  23,  38). 

Vapor-phase  esterification  is  possible  also;  ethyl  acetate  forms  in 
high  yield  when  a  mixture  of  ethanol  and  acetic  acid  is  passed  over  such 
catalysts  as  thoria,  titania,  zirconia,  and  silica  gel  at  30CM000.  How¬ 
ever,  this  method  has  not  been  exploited  commercially  because  of  the 
slow  rate  of  conversion  and  the  large  size  of  the  equipment  required. 

The  production  of  esters  industrially  has  increased  greatly  in  recent 
years,  becoming  one  of  the  most  important  commercial  processes.  An 
impressive  development  was  the  production  of  fats  by  the  Germans  dur¬ 
ing  World  War  II.  Acids  in  the  C9-Ci6  range,  produced  by  the  oxidation 
of  hydrocarbons  (p.  222),  were  converted  to  edible  fats  of  good  quality. 

A  superior  method  for  the  esterification  of  highly  hindered  acids  con¬ 
sists  in  dissolving  the  acid  in  approximately  100%  sulfuric  acid  and 
pouring  the  solution  into  the  desired  alcohol.7  The  mechanism  proposed 
for  this  reaction  involves  the  removal  of  the  hydroxyl  group.8 


RC  +HA 

xOH 

[ROOp  +  R°H  +  A_ 


[RC=OP  4-  H20  +  A' 
/O 

RC  +  HA 
X)R 


Esters  of  mesitoic  acid  are  formed  in  this  way,  for  example.  Also  such 
esters  are  hydrolyzed  by  contact  with  sulfuric  acid  followed  by  treatment 

W1It  r  possible  to  effect  half  esterification  of  dicarboxylic  acids  by 
employing  equimolecular  amounts  of  the  reactants  Ethyl  hydrogen 
sebacate  for  example,  can  be  produced  in  yields  of  <0%  or  highe  y 
this  method.  The  reaction  is  conducted  in  the  presence  of  ethyl  sebaca  e 
to  minimize  the  formation  of  this  ester,  which  is  the  chief  by-pioduc 

(OS  II,  276). 

/CO.,11  „  HCl  /0°2  ,  H„o 

(CH2)s-co,h  +  °2  * (  2%o2c2h5  ' 

7  Newman,  J.  Am.  Chem.  Soc.,  63,  2431  (1941). 

•  Treffers  and  Hammett,  J.  Am.  Chem.  Soc.,  69,  1708  (1937). 
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Esterification  with  Inorganic  Acids.  Nitrous  and  nitric  acids  resemble 
carboxylic  acids  in  having  an  oxygen  atom  doubly  bound  to  the  central 
atom  of  the  functional  group. 

RC=0  H0N=0  H0N=0 

i  i 

OH  O 


It  is  not  surprising,  then,  that  they  react  with  alcohols  to  yield  esters. 
Esters  of  nitrous  acid,  for  example,  are  conveniently  prepared  by  drop¬ 
ping  a  mixture  of  the  alcohol  with  sulfuric  acid  into  a  flask  containing 
sodium  nitrite.  The  nitrous  acid  which  is  generated  reacts  rapidly  with 
the  alcohol.  Butyl  nitrite,  for  example,  can  be  made  in  an  85%  yield 
by  this  procedure  (OS  II,  108). 

C4H9OH  +  HONO  ——4  C4H9ONO  +  H20 

Esters  of  nitric  acid  are  also  prepared  by  the  interaction  of  the  acid 
with  alcohols.  Another  method,  employing  a  mixture  of  nitric  and 
sulfuric  acids,  is  illustrated  by  the  preparation  of  methyl  nitrate  (OS  II, 

412).  The  yield  is  80%  of  the  theoretical  amount.  Nitroglycerine  is 
made  in  this  way  also. 


CH2OH 

CHOH  +  3HN03 
CHoOH 


CH20N02 
CH0N02  +3H20 
CH20N02 


Esters  of  sulfuric,  phosphoric,  and  sulfonic  acids  are  frequently  made 
by  way  of  anhydrides  or  chlorides.  A  large  number  of  esters  of  phos¬ 
phorous  and  phosphoric  acids  are  made  by  alcoholysis  of  the  appropriate 
c  llorides.  w-Butyl  phosphate,  for  example,  is  readily  produced  by  the 

action  ofnbutyl  alcohol  on  phosphorus  oxychloride  in  the  presence  of 
pyridine  (OS  II,  109;  75%  yield). 

3C4H9OH  +  POCl3  +  3C5H5N  - *  PO(OC4H9)3  +  3C5H5N  •  HC1 

Mono  esters  of  sulfuric  acid  are  usually  prepared  by  the  action  of 
sulfur  trioxide,  chlorosulfonic  acid,  or  sulfuric  acid  on  alcohoL  CoL 
method  is  to  add  sulfuric  acid  to  an  olefin  (p.  55). 

available'  ‘  MeAvl’  SOnly  the  methy>  “d  ethyl  esters  are  readily 
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sulfite,  for  example,  can  be  produced  in  83%  yields  by  this  method 
(OS  II,  112). 

2C4H9OH  +  SOCl2  - >  (C4H9)2S03  +  2HC1 

One  way  to  make  sulfates  is  by  oxidation  of  the  corresponding  sulfites. 
?i-Butyl  sulfite,  for  example,  is  converted  to  n-butyl  sulfate  by  the  action 
of  potassium  permanganate  in  glacial  acetic  acid  solution.  The  same 
transformation  can  be  effected  by  the  aid  of  n-butyl  chlorosulfonate 
(OS  II,  111;  83%  yield). 

(C4H9)2S03  +  C4H90S02C1  - >  (C4H9)2S04  +  C4H9C1  +  S02 


Lactonization.  Hydroxy  acids  may  undergo  esterification  intra- 
molecularly  to  yield  cyclic  esters  or  lactones.  Lactonization  occurs  very 
readily  with  gamma-  and  delta-hydroxy  acids,  since  the  resulting  cycles 
are  five-  and  six-membered,  respectively.  This  type  of  behavior  is 
encountered  not  only  in  hydroxy  derivatives  of  aliphatic  acids  but  in 
certain  phenolic  acids  also. 

7-Keto  acids,  when  distilled  or  heated  with  acetic  anhydride,  lose 
water  to  yield  unsaturated  lactones.  Presumably,  lactols  (p.  367)  are 
formed  as  intermediates.  /3-Benzoylpropionic  acid,  for  example,  yields 
a  mixture  of  two  isomeric  lactones. 


Anhydride  Formation 

The  reaction  of  carboxylic  acids  that  corresponds  to  etherification  01 
esterification  is  the  conversion  of  the  acid  to  the  corresponding  anhydride. 

2RC02H  - ►  (RC0)20  +  H20 

This  type  of  reaction  occurs  readily  with  dicarboxylic  acids  that  yield 
five-  or  six-membered  cyclic  anhydrides.  Thus  succinic  glutar.c  maleic, 
and  phthalic  anhydrides  may  be  produced  simply  by  heating  the  corre- 

SP  It 'is'vfsualf  however,  to  employ  a  reagent  which  reacts  with  the  water 
as  fast  as  it  is  formed.  The  synthesis  of  succinic  anhydride,  lor  example, 
fs  conveniently  effected  by  heating  succinic  acid  with  acetyl  chloride 


ALCOHOLS 


87 


(OS  II,  560;  95%  yield).  Acetic  anhydride  is  used  frequently  also  as 
the  dehydrating  agent.  These  reagents  provide  a  satisfactory  means  of 
converting  aliphatic  as  well  as  aromatic  acids  to  anhydrides.  Other 
methods  of  making  anhydrides  will  be  discussed  later  (p.  197). 


Dehydration 

The  removal  of  a  hydroxyl  group  along  with  a  hydrogen  atom  from 
an  adjacent  carbon  atom  converts  alcohols  to  olefins  and  acids  to  ketenes. 
This  type  of  reaction  is,  of  course,  not  applicable  to  phenols. 

Acids.  Pyrolysis  of  acetic  acid  to  produce  ketene  and  water  is  carried 
out  on  a  commercial  scale  in  connection  with  the  production  of  acetic 
anhydride,  the  latter  being  formed  by  addition  of  acetic  acid  to  ketene.9 

CH3C02H  - >  CH2=C=0  +  H20 

Another  example  of  this  type  of  reaction  is  the  conversion  of  malonic 
acid  to  carbon  suboxide  by  treatment  with  phosphorus  pentoxide. 

0=C-CH2-C=0  — ->■  0=C=C=C=0  +  2H20 
OH  OH 


Alcohols.  Dehydration  of  alcohols  is  a  favorite  method  of  producing 
olefins.  Pure  olefins  such  as  ethylene,  propylene,  and  isobutylene  can 
be  made  readily  by  treating  the  corresponding  alcohols  with  dehydrating 
agents  such  as  sulfuric  acid. 


ch3ch2oh  — ►  ch2=ch2  +  h2o 

OH 

ch3chch3  — ►  ch3ch=ch2  +  H20 
(CH3)3COH  — >  ch3c=ch2  +  h2o 

ch3 


The  elimination  of  water  may  also  be  accomplished  by  passing  the  alcohol 
over  a  hot  catalyst  such  as  aluminum  oxide  or  clay.  The  production  of 

:;hs^ret“  ™  -  -»■>«“>■  *».»« 

cyclohexene  and  water!  d'Stlllate  be'ng  a  mixture  <* 


8  Hurd  and  Martin,  J.  Am.  Chem.  Soc 


51,  3614  (1929). 
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\  /  \  / 

ch2  ch2 

Silica  gel  or  activated  alumina  may  also  be  used  as  the  catalyst. 

Catalytic  dehydration  of  1,3-butanediol  to  produce  butadiene  was 
carried  out  on  an  industrial  scale  by  the  Germans  in  World  War  II. 


OH 

ch3chch2ch2oh  ——4  ch2=chch=ch2 

In  Russia  and  the  United  States  butadiene  was  made  from  ethyl  alcohol 
by  a  one-stage  catalytic  process,  presumably,  involving  the  formation 
of  acetaldehyde,  aldol,  and  crotonaldehyde.  In  this  process  a  mixture 
of  acetaldehyde  and  ethanol  is  passed  over  a  tantalum  pentoxide-silica 
catalyst.  Yields  of  butadiene  are  as  high  as  76%  of  the  theoretical.10 

As  would  be  expected,  many  types  of  oxygen  derivatives  of  hydro¬ 
carbons  have  been  found  to  yield  butadiene  by  single-stage  piocesses 


(CR  36,  63). 

A  useful  procedure  for  preparing  vinylbenzenes  consists  in  the  pyrol¬ 
ysis  of  the  corresponding  methyl  carbinols,  an  example  being  the 
synthesis  of  ra-chlorostyrene  from  ra-chlorobenzaldehyde  (OS  28,  31). 
The  dehydration  is  effected  in  82%  yields  by  bringing  the  carbinol  into 
contact  with  potassium  hydrogen  sulfate  at  220-230°. 


CHO 


OH 

CHCH3 


ch=ch2 


Cl< 


Cl/ 


Cl< 


Dehydration  occurs  most  readily  if  the  alcoho  is  tertiary  Examples 
of  this  type  are  the  formation  of  1,1-diphenylethy  ene  (OS  I,  226)  and 
triphenylethylene  (OS  II,  606)  from  methyldiphenylcarbinol  and  benzyl- 

diphenylcarbinol,  respectively. 


r  it  OH 

U6ii5\  i 


CfiHs7 


H2SO4  ^6HS\  „  1  XT  /-v 

C-CH3  - - ►  C=CH2  +  ti 2U 


CgH5 


/ 


r  TT  0H 

C6n.5\  1 


c-ch2c6h5  (  "  c=CHC(,H5  +  h20 


C  h/  CgHs7 

i° Kampmeyer  and  Stably,  Ind.  Eng.  Chan  41,  550  (1949);  CorSon,  Stably,  Jones, 
and  Bishop,  Ll  Eng.  Chan.,  41,  !012  (1949). 
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The  usual  method  of  effecting  such  dehydrations  is  to  heat  the  carbinol 
with  dilute  sulfuric  acid. 

1-Phenyl- 1,3-butadiene  is  formed  by  dehydration  of  the  carbinol  ob¬ 
tained  from  cinnamaldehyde  and  methylmagnesium  iodide. 

C6H5CH=CHCHCH3  - ¥  c6h5ch=chch=ch2  +  h2o 

OH 


It  is  significant  in  this  connection  that,  whereas  pinacolyl  alcohol 
suffers  chain  rearrangement  when  dehydrated  (p.  90),  its  acetate  de¬ 
composes  thermally  to  give  3,3-dimethyl- 1-butene. 

OCOCH3 

(CH3)3CCHCH3  - ¥  (CH3)3CCH=CH2  +  CH3C02H 

A  similar  observation  was  made  in  the  conversion  of  1,5-pentanediol 
to  1,4-pentadiene.  It  was  found  necessary  to  pyrolyze  the  diacetate 
rather  than  the  diol  itself,  since  in  the  latter  case  isomerization  of  the 
product  to  piperylene  took  place  (p.  73).  When  the  diacetate  was 
decomposed  at  575°,  nearly  theoretical  yields  of  1,4-pentadiene  were 
obtained.11  The  acetate  of  4-penten-l-ol,  which  was  obtained  as  a  by¬ 
product,  also  yields  1,4-pentadiene  when  pyrolyzed.  It  is  therefore 

considered  to  be  an  intermediate  product  in  the  pyrolysis  of  the  diace¬ 
tate. 


CH3C02CH2CH2CH2CH2CH20C0CH3  - > 

ch3co2ch2ch2ch2ch=ch2  — >  ch2=chch2ch=ch2 

It  Should  be  pointed  out  that  the  decomposition  of  these  acetates 
1  ustrates  a  general  reaction  of  esters  so  constituted  that  production  of 
an  olefin  is  possible  by  pyrolysis.  This  reaction  is  employed,  for  example 
in  the  preparation  of  acrylic  acid  from  ethyl  acrylate  (OS  29,  2)  ' 

ch2=chco2ch2ch3 - >  CH2=CHC02H  +  CH2=CH„ 

It  has  been  suggested  that  the  pyrolysis  of  such  esters  involves  the  forma 
tion  of  a  quasi  six-membered  ring. >2  torma- 


“  Schniepp  and  Geller,  J.  Am.  Chem.  Soc.,  67,  54  (1945) 
Ur  aI>  BJmick.  J-  dm.  Chem.  Soc.,  60,  2419  (1938).' 
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One  indirect  method  of  dehydrating  alcohols  is  to  heat  the  methyl 

S 

✓ 

alkyl  xanthates,  ROC-SCH3,  formed  by  condensing  sodium  alkoxides 
with  carbon  disulfide  and  treating  the  resulting  xanthates  with  methyl 
iodide.  This  procedure,  developed  by  Chugaev,  is  recommended  for 
alcohols  which  tend  to  undergo  rearrangement.  The  conversion  of 
pinacolyl  alcohol  to  3,3-dimethyl- 1-butene  is  an  example. 


CH3  CH3  S 

l  CS2  \  //  CII3I 

(CH3)3CCHONa  - >  (CH3)3CCHOC-SNa  - > 

0  ch3  s 

(CH3)3CCHOC-SCH3  — >  (CH3)3CCH-CH2  +  cos  +  ch3sh 
A  quasi  six-membered  ring  may  be  involved  here  also.13 


H 

/C_>. 

H2C  S 


(CH3)3CCh)  (  CSCHs 


»  (CH3)3CCH=CH2  +ch3sh  +  cos 


In  connection  with  the  pyrolysis  of  esters,  it  will  be  remembered  that 
formates  are  capable  of  undergoing  a  very  different  type  of  change.  The 
classical  synthesis  of  allyl  alcohol  from  glycerol  and  formic  acid  is  illus¬ 
trative.  The  monoformate  decomposes  into  the  alcohol,  water,  and 
carbon  dioxide  (OS  I,  42;  47%  yield). 


CH2OH 
CHOH 
CH2OCHO 


CH2=CHCH2OH  +  C02  +  H20 


Dehydration  of  2-pentanol  by  the  sulfuric  acid  method  is  of  special 
interest  since  it  illustrates  the  general  rule  that  0-olefins  form  more 
readily  than  a-olefins.  A  yield  of  80%  of  2-pentene  has  been  reported 

(OS  I,  430). 

CH3CH2CH2CHCH3  — - 4  ch3ch2ch=chch3  +  h2o 

OH 

Dehydration  of  f-alkylcarbinols  frequently  is  accompanied  by  re¬ 
arrangement  of  the  carbon  chain.  For  example  when  pmacolyl  alcoho 
is  passed  over  a  phosphorus  pentoxide-sihca  gel  catalyst  at  300  , 

„  Stevens  and  Richmond,  J.  A,n.  Chem.  Soc,  63,  3132  (1941);  Huckel,  Tappe,  and 
Legutke,  Ann.,  543,  191  (1940). 
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converted  chiefly  to  the  rearrangement  products,  2,3-dimethyl- 1-butene 
and  tetramethylethylene.  Only  a  small  amount  of  the  normal  dehydra¬ 
tion  product,  J-butylethylene,  is  obtained.14 

OH 

(CH3)3CCHCH3  - ► 

CH3 

(CH3)2CHC=CH2  (CH3)2C=C(CH3)2  (CH3)3CCH=CH2 
31%  61%  3% 

Essentially  the  same  mixture  of  olefins  is  obtained  when  any  one  of 
them  is  subjected  to  the  conditions  specified  for  the  dehydration  of  the 
alcohol.  It  is  presumed  that  the  carbonium  ions,  which  undergo  re¬ 
arrangement,  are  formed  by  combining  the  olefins  with  a  proton  from 
the  catalyst. 

This  type  of  rearrangement,  known  as  the  Wagner  rearrangement ,  has 
been  employed  to  enlarge  rings,  as  is  shown  by  the  following  synthesis 
of  1,2-dimethylcycloheptene.15 


OH 

CHCH3 

CH, 


-H20 

- ► 


/  TiCH3 

\ _ ;ch3 


Certain  tertiary  acetylenic  alcohols  rearrange  to  the  corresponding 
unsaturated  ketones,  as  though  the  elements  of  water  had  been  removed 
and  returned  to  the  molecule  in  a  new  location.  An  example  is  the  con¬ 
version  of  the  condensation  product  of  acetylene  and  cyclohexanone 
(OS  29,  47)  to  1-acetylcyclohexene.16 


/\ 

/OH 

X/^CeeCh 


/\ 

l^COCH, 


and 


/\ 

n^J=CHCHO 


It  has  been  established  that  the  isomerization  of  this  and  other  1-ethynyl- 
1-cyclohexanols  yields  also  small  amounts  of  the  corresponding  cyclo- 
hexyhdeneacetaldehydes. 17 

This  type  of  isomerization  is  to  be  contrasted  with  the  remarkable 
rearrangement  discovered  by  Meyer  and  Schuster,  which  occurs  when 


“  QaUSlin’  NaSh>  and  Whitmore>  J'  Am-  Chem.  Soc.,  56,  1395  (1934). 
ee  Meerwein  and  Schafer,  J.  prakl.  Chem.,  104,  289  (1922). 

urd  and  Christ,  J.  Am.  Chem.  Soc.,  59,  118  (1937). 

Chanley,  J.  Am.  Chem.  Soc.,  70,  244  (1948). 
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acetylenic  carbinols  of  the  type  Ar2CC=CAr  are  treated  with  acids.18 

OH 

An  example  is  the  formation  of  /3-phenylbenzalacetophenone  from  di- 
phenylphenylethynylcarbinol. 


p  tt  OH 

C'g-H-sx  i 


C.Hr7 


H2S04 

c-c=cc6h5  —A 


p  TT  OH 

C-C=CC6H5 

c6h/ 


CfiH 


61A5\ 


C-CHCOC6H5 

c6h5/ 

This  curious  change  probably  involves  the  intermediate  formation  of  an 
allenic  alcohol  which  ketonizes  to  form  the  final  product.  The  shift 
may  be  looked  upon  as  a  special  case  of  the  allylic  rearrangement  (p. 
99)  in  which  the  carbonium  ion  is  a  resonance  hybrid  of  the  following 
structures. 

(C6H5)2C-CeeCC6H5  <— >  (C6H5)2C=C=CC6H5 

1,2-Glycols.  Dehydration  of  simple  1,2-  or  a-glycols  produces 
aldehydes  or  ketones  by  what  has  been  called  vinyl  dehydration.  Ethyl¬ 
ene  glycol,  for  example,  yields  acetaldehyde,  vinyl  alcohol  presumably 
being  an  intermediate. 


OH  OH  OH 

CH2CH2  ——4  [CH2=CH] 


CH3CH0 


2,3-Butanediol  yields  methyl  ethyl  ketone  in  a  similar  lashion. 

OHOH 

CH3CHCHCH3  - >  CH3COCH2CH3  +  H20 

The  synthesis  of  methyl  isopropyl  ketone  from  (-amyl  alcohol  or 
trimethylethylene  by  way  of  the  halide  probably  involves  vinyl  dehydra¬ 
tion  also  When  treated  with  bromine,  (-amyl  alcohol  yields  trimethyl¬ 
ethylene  bromide,  which  gives  a  59%  yield  of  methyl  isopropyl  ketone 
when  subjected  to  hydrolysis  (OS  II,  408). 

CH3X 


CH3x 


ch3 


cch2ch3 


Br2 


C— CHCHs 


/ 1 


OH 


j^r 

ch3\ 


c- 
/ 1 


-CHCHs 


CH3x 


CHCOCHs 


W6n  OH 

18  Meyer  and  Schuster,  Bcr.,  56,  819  (1922). 
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It  has  been  reported  that  isobutyraldehyde  is  formed  in  96%  yield  by 
heating  methallyl  alcohol  with  12%  sulfuric  acid. 


CH2=CCH2OH 

ch3 


ch3chcho 

CH3 


Similarly,  ethylene  oxide  and  propylene  oxide  give,  respectively,  acet¬ 
aldehyde  and  propionaldehyde.  Although  these  reactions  have  been 
formulated  as  isomerizations,  it  seems  probable  that  a  glycol  is  an 
intermediate  product.  In  the  case  of  methallyl  alcohol,  for  example, 
isobutylene  glycol  is  probably  formed  first  and  subsequently  dehy¬ 
drated.19 

The  dehydration  of  trisubstituted  ethylene  glycols  may  proceed  in 
several  ways,  producing  either  a  ketone  or  an  aldehyde,  with  or  without 
rearrangement  of  the  carbon  chain. 

0  H 

11  1 

R-C-C-R' 

1 

R" 


OH  OH 

R-C - C-R' 


-H20 


H  R 


n 


O  R 

11  1 

H-C-C-R' 

1 

R" 

H  O 

1  11 

R'-C-CR" 

1 

R 

H  O 

?  1  11 

R"-C-CR' 

i 

R 

A  method  of  producing  trisubstituted  acetaldehydes  from  hydroxy 
acds  involves  such  a  rearrangement.  An  illustration  is  the  formation 
of  pivalaldehyde  from  lactic  acid.  The  acid  is  converted  to  the  corn, 
spondmg  a-alkoxy  ester,  which  is  condensed  with  the  methyl  Grignard 
reagent.  The  resulting  hydroxy  ether  is  then  treated  with  formic  acid 

At,  CH3CHC(CH3)2  - >  (CH3)3CCHO 

UK  OROH 

»  p.T™;  Ia™ele>  and  Converse,  Ind.  Eng.  Client .,  33,  805  (1941) 

Llphimoff,  Compt .  rend.,  224,  399  (1947),  ^ 
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Ditertiary  1,2-glycols,  generally  obtained  by  bimolecular  reduction  of 
ketones,  are  called  pinacols  (p.  3G3).  When  dehydrated,  they  undergo 
rearrangement  to  ketones  known  as  pinacolones.  Pinacol  and  benzo- 
pinacol,  for  example,  yield  pinacolone  (OS  I,  462;  72%  yield)  and 
0-benzopinacolone  (OS  II,  73;  96%  yield),  respectively. 


ch3n 

rill  OH  HO  Ptt 

n3\  1  1  /U1I3 

2  C=0  - 

-4  C 

c 

o 

w 

CO 

\ 

CI 1/ 

nch3 

C6H5\ 

r  XT  OH  HO  r  XT 

5  CO  — 

-4  C 

c 

c6h/ 

C6H/ 

nc6h. 

H2S04  CH3\ 

— - ►  CH3-CCOCH3  +  H20 

CU/ 


h 

- ► 

CH3CO2H 

(C6H5)3CCOC6H5  +  h2o 


The  reagents  most  commonly  used  to  bring  about  this  type  of  molec¬ 
ular  rearrangement,  usually  called  the  pinacol-pinacolone  rearrangement, 
are  sulfuric  acid,  hydrochloric  acid,  acetyl  chloride,  and  iodine  in  acetic 
acid.  Pinacol  itself  can  be  dehydrated,  however,  without  apparent 
rearrangement,  by  a  proper  choice  of  conditions.  A  60%  yield  of 
2, 3-dimethyl-l, 3-butadiene  is  obtained  when  the  glycol  is  boiled  for 
2  hours  in  the  presence  of  a  small  amount  of  hydrogen  bromide,  the 
water  being  removed  as  fast  as  it  is  formed  (OS  22,  39). 

OH  OH 

CH3-C - C-CH3  - ¥  CH2=C - C=CH2  +  2H20 

ch3  ch3  ch3  ch3 

Only  25%  or  less  of  the  product  is  pinacolone.  An  alternative  method 
is  to  pass  the  pinacol  over  activated  alumina  at  420-470°;  this  procedure 
may  give  the  diene  in  yields  of  86%  (OS  22,  40).  Pinacolone  may  be 
formed  as  an  intermediate;  under  these  conditions  it  likewise  is  de  y- 
drated  to  the  diene.  In  fact,  the  ketone  may  be  converted  to  the  diene 
in  77%  yields  by  this  procedure  (OS  22,  42). 

(CH3)3CCOCH3  - 1  CH2=C - C=CH2  +  H20 

ch3  cii3 


The  dehydration  of  pinacolone  is  of  especial  interest,  since  it  is  accom¬ 
panied  by  a  rearrangement  that  regenerates  the  original  carbon  skeleton 
of  pinacol.  This  rearrangement  recalls  that  of  pinacolyl  alcohol  (p.  )• 

The  various  types  of  rearrangement  that  take  place  when  alco  10 
and  glycols  are  subjected  to  dehydration  are  explained  by  the  inter¬ 
mediate  formation  of  carbonium  ions.  The  change  o  pmaco  o  pm 
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colone,  for  example,  depends  on  the  stabilization  of  the  initial  carbonium 
ion  by  migration  of  a  methyl  group  as  a  carbanion. 


ch3  ch3 
ch3-c — c-ch3 

OH  OH 


-OH 


CH3  ch3 

+  CH3-C - C-CH3 

I  + 

OH 


CH3-C- 
i 


OH 


CH3 

c-ch3 

ch3 


-H+ 


ch3 

»  ch3coc-ch3 
ch3 


Actually  transformations  of  this  type  do  not  appear  to  take  place 
stepwise,  as  indicated  here,  but  rather  by  simultaneous  separation  of 
the  hydroxyl  group  and  attachment  of  the  migrating  alkyl  radical  to 
the  Tear  of  the  carbon  atom  from  which  the  hydroxyl  group  is  removed, 
this  carbon  atom  undergoing  a  Walden  inversion  (p.  109). 21 

/3-Hydroxy  Compounds.  Dehydration  is  facilitated  if  the  hydroxyl 
gioup  is  adjacent  to  an  active  methylene  group  as  in  /3-hydroxy  carbonyl 
compounds,  the  mobility  of  the  a-hydrogen  atom  being  responsible  for 
the  ieady  loss  of  water.  In  fact  this  type  of  reaction  is  so  easily  brought 
about  that  in  aldol-type  condensations  the  aldol  usually  is  not  isolated; 
the  product  is  its  dehydration  product,  the  corresponding  <x,/3-unsatu- 
rated  carbonyl  compound  (p.  438). 

Aldol  itself  can,  of  course,  be  dehydrated  very  readily.  The  method 
of  Hibbert  is  particularly  effective  in  such  cases.22  The  compound  is 
simply  distilled  in  the  presence  of  a  trace  of  iodine,  which  acts  as  a 

^oa  TySo4  rM«^yl  °T.n6  ’S  mad®  in  a  similar  way  from  diacetone  alcohol 
(Ob  1,  345;  65%  yield). 

A  wide  variety  of  transformations  of  sugars  and  other  polyhydroxv 
compounds  involves  dehydration  of  this  general  type.  The  synthesis 
of  acrolein  from  glycerol  by  the  dehydrating  action  of  potassium  acid 
sulfate  is  an  example  (OS  I,  15;  48%  yield). 


OH 

OH 

OH 

-h2o 

- ► 

r  oh 

OH 

H-C 

i 

C 

i 

— C  H  - 
| 

H-C-O 

=CH 

H 

H 

1 

H 

.  H  H 

OH 

H 

H-C 

I 

H 


j,  I  -h2o 


-c-c 

I 

H 


\ 


H 


*  CH2=CHCHO 


”  “T?  Whitmore»  J-  Am.  Chem.  Soc.,  61,  J324  (193m 
Hibbert,  J.  Am.  Chem.  Soc,}  37,  1748  (1915)]  (1939)* 
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The  first  step  is  represented  as  the  dehydration  of  a  secondary  alcohol, 
the  second  as  a  ketonization  of  the  resulting  enol,  and  the  last  as  dehydra- 
ion  of  /3-hydroxypropionaldehyde. 

The  Reformatsky  condensation  (p.  165)  generally  produces  /3-hydroxy 
esters,  which  likewise  are  easily  dehydrated. 

OH 

rch-ch2co2r  — — »  rch=chco2r 


Dehydration  may  be  carried  out  by  heating  the  hydroxy  compound  with 
a  variety  of  dehydrating  agents  such  as  sulfuric  acid,  fused  potassium 
acid  sulfate,  acetic  anhydride,  and  phosphorus  pentoxide.23  The  Hibbert 
method  is  also  useful.  Dehydration  by  passing  dry  hydrogen  chloride 
through  the  hydroxy  ester  at  90-100°,  followed  by  distillation,  gives 
very  high  yields  of  the  unsaturated  esters.24 

The  first  step  in  the  synthesis  of  pyruvic  acid  by  decomposition  of 
tartaric  acid  (OS  I,  475;  55%  yield)  is  an  example  of  the  dehydration 
of  a  /3-hydroxy  acid. 


co2h  co2h  co2h 

CHOH  -H*0  COH  _ v  CO 

CHOH  > CH  * CH2 

co2h  co2h  co2h 


ch3coco2h 


The  initial  step  in  the  synthesis  of  itaconic,  mesaconic,  and  citracomc 
acids  from  citric  acid  is  a  dehydration  of  a  similar  sort.  When  citric 
acid  is  destructively  distilled,  the  chief  product  is  itaconic  anhydride 
(OS  II,  368;  47%  yield).  Aconitic  acid  forms  and  is  decarboxylate  . 


ch2co2h  chco2h  _H20 
hocco2h  — CC02H  - > 


ch2co 


\ 


ch2co2h  ch2co2h 


-c°2  ch2=c — co/ 


0 


If  aconitic  acid  is  desired,  citric  acid  is  heated  for  several  hours  with 
It  aconitic  ac  u  causes  ltaconlc 

dilute  sulfuric  acid  (OS  II,  1J,  44/o  yiem;  un- 66%  yield). 

anhydride  to  rearrange  to  citracomc  anhydride  (OS  II,  140,  6b  /„  y*  1 


ch2co 


\ 


CHCO 


o 


ch2=c — CO7  CH3C  CO7 


o 


23  Kon  and  Nargund,  J.  Chem.  Soc.,  2461  (1932). 
Natelson  and  Gottfried,  J.  Am.  Chem.  Soc.,  61,  J70 
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Finally,  heating  citraconic  acid  with  dilute  nitric  acid  until  nearly  all 
the  water  has  been  driven  off  isomerizes  it  to  mesaconic  acid  (OS  II,  382; 
52%  yield). 

hcco2h  hcco2h 

ch3cco2h  *  ho2ccch3 

By  reducing  acetonedicarboxylic  acid  and  eliminating  water  from  the 
resulting  hydroxy  acid,  glutaconic  acid  is  produced. 

ch2co2h  ch2co2h  ch2co2h 

CO  - >  CHOH  - ¥  CH 

ch2co2h  ch2co2h  1  chco2h 


The  manufacture  of  acrylonitrile  from  ethylene  oxide  and  hydro 
cyanide  illustrates  the  ease  with  which  /3-hydroxy  nitriles  lose  water 


O 

CH2-CH2  +  HCN 
OH 

CH2CH2CN 


OH 

4  ch2ch2cn 


ch2=chcn  +  h2o 


a-Hydroxy  Compounds.  a-Hydroxy  carbonyl  compounds  lose  water 
much  less  readily.  If  the  hydroxyl  group  is  on  a  tertiary  carbon  atom, 
the  leaction  is  not  difficult  to  bring  about.  The  dehydration  of  methyl 
a-hydroxyisobutyrate  to  methyl  methacrylate  is  an  important  example. 

CH3x 

cco2ch3  — ►  ch2=cco2ch3  +  h2o 


CH¬ 


OH 


CH; 


When  a-hydroxy  acids  are  treated  with  concentrated  sulfuric  acid 
t  ey  lose  not  only  water  but  carbon  monoxide  as  well,  the  products 
'  being  aldehydes  or  ketones  (p.  391). 

Eihy1  lactate  cannot  be  dehydrated  satisfactorily.  It  has  been  found 
possible  however,  to  effect  this  change  indirectly,  i.e.,  by  pyrolysis  of 
the  acetyl  derivative*  This  is  one  route  to  methy  acrvlate  ethv 
acrylate,  and  other  industrially  important  esters  of  acrylic  acid  * 


ch3chco2c2h5  +  ch3co2h 
ococh3 


CH3CHC02C2H5  +  (CH3C0)20 

OH 

ch3chco2c2h5  ch2=chco2c2h5  +  ch3co2h 

OCOCHs 

“  SforiataCnd°Ftherd  M 36’  229  (1944)‘ 

ibncr,  ina.  hng.  Chem.f  37,  382  (1945) 
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Cyanohydrins.  A  similar  scheme  is  used  to  make  acrylonitrile  from 
acetaldehyde  cyanohydrin. 

/OH  /OCOCHs 

CH3CH  - ►  CH3CH  - ►  CH2=CHCN 

XCN  XCN 

The  benzoate  of  crotonaldehyde  cyanohydrin  behaves  in  an  interesting 
way,  yielding  1-cyano- 1,3-butadiene.27 

OCOC6H5 

I  575° 

CH3CH=CHCHCN  — 4  ch2=chch=chcn  +  c6h5co2h 

Successful  dehydration  of  cyanohydrins  themselves  has  been  reported, 
however.  The  cyanohydrin  of  acetoacetic  ester,  for  example,  yields  a 
mixture  of  cis -  and  /rans-/3-cyanocrotonates  when  treated  with  thionyl 
chloride  at  110°.28 

CN  CH3CCN 

ch3c-oh  -—4  chco2c2h5  +  h2o 
ch2co2c2h5 

The  ease  with  which  dehydration  occurs  in  this  example  may  be  due  to 
the  fact  that  the  cyanohydrin  is  actually  a  /3-hydroxy  ester. 

It  has  been  found  also  that  cyanohydrins  of  ketones  may  be  de¬ 
hydrated  in  good  yield.  For  example,  a-hydroxyisobutyromtnle  is 
converted  to  methacrylonitrile  by  treatment  with  sulfuric  acid. 

CH3X  H0SO4  ^TT  .  TT  ~ 

CCN  - ►  CH2=CCN  +  H20 

CHs^h  ch3 

Success  with  this  type  of  cyanohydrin  is  to  be  ascribed  to  the  fact  that 
the  hydroxyl  group  is  tertiary  as  well  as  alpha  to  a  nitrile  group. 


Replacement  of  Hydroxyl  Groups  by  Halogen 

The  introduction  of  halogen  by  replacement  of  a  hydroxyl  group  is 
very  important,  and  many  procedures  have  been  devised  for  this  Pur¬ 
pose.  The  reason  for  the  great  number  and  variety  of  reagents 
sought  in  the  differences  exhibited  by  the  various  types  of  hydroxyl 

<0 Alcohols  Alcohols  react  with  hydrogen  halides  to  give  the  corre¬ 
sponding  alkyl  halides.  The  formation  of  n-butyl  bromide  by  treating 

■  Snyder,  Stewart,  and  Myers,  J  Am.  Che m_  71, 1055  (1949). 

»  Mowry  and  Rossow,  J.  Am.  Chem.  Soe.,  67,  J26  (1J4S). 
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1-butanol  with  a  mixture  of  sulfuric  and  hydrobromic  acids  is  illustrative 
(OS  I,  28;  95%  yield). 

C4H9OH  +  HBr  - >  C4H9Br  +  H20 

Another  method  is  to  heat  the  alcohol  with  anhydrous  hydrogen  bro¬ 
mide.  n-Dodecyl  bromide  (OS  II,  246;  88%  yield)  and  decamethylene 
bromide  (OS  20,  24;  90%  yield)  are  formed  by  this  method. 

This  is  a  very  general  and  useful  type  of  reaction;  however,  the  rate 
of  reaction  and  the  yield  vary  considerably  with  the  nature  of  the 
reactants.  Thus  hydrogen  iodide  reacts  faster  than  hydrogen  bromide, 
which  in  turn  reacts  faster  than  hydrogen  chloride.  In  a  given  series  the 
tertiary  alcohols  react  fastest  and  the  primary  alcohols  slowest,  with  the 
secondary  alcohols  taking  an  intermediate  position. 

Although  secondary  and  tertiary  alcohols  are  more  reactive  than 

primary  alcohols,  they  generally  afford  lower  yields  because  of  loss  from 

side  reactions,  chief  of  which  is  dehydration.  The  difference  in  reaction 

rates  has  been  made  the  basis  of  the  Lucas  test — a  test  designed  to 

distinguish  primary,  secondary,  and  tertiary  alcohols.29  The  alcohol  is 

shaken  with  a  solution  of  zinc  chloride  in  concentrated  hydrochloric 

acid.  Under  these  conditions  a  tertiary  alcohol  reacts  at  once  and  the 

mixture  becomes  turbid  because  of  the  presence  of  the  insoluble  alkyl 

chloride.  Secondary  alcohols  react  within  5  minutes,  and  primary 

alcohols  fail  to  give  the  test  under  the  conditions  specified.  Exceptions 

such  as  allyl  and  benzyl  alcohol  have  already  been  discussed  (p.  15). 

Substituted  allyl  alcohols  may  yield  chlorides  that  are  isomers  of  those 

to  be  expected.  Thus  phenylvinylcarbinol  gives  a  product  only  40%  of 

which  is  the  corresponding  chloride,  the  remainder  being  cinnamvl 
chloride.30  J 


c6h5chch=ch2 

I 

Cl 


c6h5chch=ch2 

I 

OH 


c6h5ch=chch2ci 


The  products  correspond  to  the  two  resonance  structures  of  the  car 
bomum  ion.  Cd,1_ 

c6h5ch=chch2  < — ►  c6h5chch=ch2 

This  behavior  is  characteristic  of  compounds  of  the  allyl  type-corn 

pounds  containing  the  so-called  triad  system.  Other  examples  w;n  u ' 
met  later  (pp.  129,  173).  examples  will  be 

Phosphorus  trichloride  or  tribromide  may  serve  in  place  of  t),,, 
spon  mg  halogen  acid  with  very  satisfactory  results.  The  use  of  pho^ 

29  Lucas,  J.  Am.  Chem.  Soc.,  52,  802  (1930).  « 

30  Meisenheimer  and  Schmidt,  Ann.,  476,  157  (1929). 
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phorus  tribromide  is  illustrated  by  the  preparation  of  isobutyl  bromide 
(OS  II,  358;  60%  yield). 

Another  example  is  the  preparation  of  /3-ethoxyethyl  bromide  from 
cellosolve.  The  yield  is  66%,  based  on  the  phosphorus  tribromide 
(OS  23,  32).  A  mixture  of  phosphorus  and  bromine  may  be  used  also. 
Ethyl  bromide,  for  example,  can  be  made  conveniently  by  treating 
ethanol  with  this  mixture.  The  yield  of  product  is  90%,  based  on  the 
bromine  (OS  I,  36). 

In  preparative  work  it  is  found  that  i-butyl  alcohol  may  be  converted 
to  f-butyl  chloride  in  88%  yields  by  a  few  minutes’  shaking  with  concen¬ 
trated  hydrochloric  acid  (OS  I,  144).  n-Butyl  alcohol,  on  the  other  hand, 
requires  an  hour’s  heating  at  150-165°  with  the  same  reagent  (OS  I, 
142;  78%  yield). 

Glycerol  reacts  with  hydrogen  chloride  to  yield  glycerol  a-monochloro- 
hydrin  (OS  I,  294;  66%  yield)  or  glycerol  a,7-dichlorohydrin  (OS  I,  292; 
57%  yield),  the  primary  alcohol  groups  being  replaced  in  preference  to 
the  secondary.  A  possible  explanation  of  the  anomaly  is  that  the 
secondary  group  is  attacked  preferentially  but  that  an  epoxy  compound 
is  formed.  When  opened  by  hydrogen  chloride,  such  epoxy  compounds 
yield  primary  chlorides. 

OH  OH  O  OH 

CH2CHCH2OH  - ►  CH2-CHCH2OH  - >  C1CH2CHCH20H - ► 

O  OH 

C1CH2CH-CH2  - >  C1CH2CHCH2C1 


The  primary  hydroxyl  groups  of  glycerol  are  replaced  preferentially 
also  by  treatment  with  phosphorus  and  bromine,  glycerol  a,T-dibromo- 

hydrin  being  the  product  (OS  II,  308;  64%  yield). 

Replacement  of  hydroxyl  groups  by  iodine  can  be  effected  by  the 
action  of  phosphorus  triiodide.  An  example  is  the  conversion  ol 
cetyl  alcohol  to  n-hexadecyl  iodide  (OS  II,  322;  78%  yield). 

3Ci6H330H  +  PI3  - 1  3C16H33I  +  H3P03 


The  procedure  involves  heating  a  mixture  of  the  alcohol,  phosphorus, 
and  iodine.  Methyl  iodide  can  be  produced  in  a  similar  way  in  yields 

of  95%,  based  on  the  iodine  (OS  II,  399).  f 

Many  of  the  observations  that  have  been  made  in  the  conversion 
alcohols  to  alkyl  halides,  like  others  involving  replacement  of  the 
hvdroxyl  group,  are  in  accord  with  the  hypothesis  that  a  carbon, urn  .on 
■  intermediate  For  example,  methylisopropylcarbinol  reacts  with 

hydrc^n  chloride  to  yield  «***  «*— 
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anomaly  has  been  ascribed  to  isomerization  of  the  intermediate  carbo- 
nium  ion. 

CH3\  ^  CH3n  + 

CHCHCH3  +  H+  - ►  CHCHCHg  +  H20 


CH/ 


i 


OH 


CH3x  + 

chchch3 


CH/ 


CH/ 


CH3x+  C1-  CH3n 

4  CCH2CH3  —4  cch2ch3 

ch/  ch/ 


Cl 


In  a  similar  way,  diisopropylcarbinol  yields  2,4-dimethyl-2-chloro- 
pentane. 

CH3n  /CH3  Hq]  CH3x 

CHCHCH  — 4  CHCH2CC1 


CH 


/ 


OH 


XCH? 


ch/ 


CH? 


This  type  of  behavior  is  general  for  alcohols  of  the  type 

R2CHCHR. 

OH 

Phenols.  The  conversion  of  phenols  to  aryl  halides  by  the  action  of 
phosphorus  pentahalides  has  been  observed,  but  the  yields  are  very 
low.  The  reaction  is  favored,  as  might  be  expected,  by  groups  such  as 
nitro  which  withdraw  electrons  from  the  ring  and  thus  render  it  sensitive 
to  the  attack  by  nucleophilic  agents.  This  effect  is  pronounced  only 
when  the  substituent  is  in  an  ortho  or  para  position.  Picryl  chloride  can 
be  made  satisfactorily  from  picric  acid  by  this  method. 

.  That  ®uch  rePlacement  reactions  involve  a  nucleophilic  attack  of  the 
ring  is  further  indicated  by  the  observation  that  a-  and  7-hvdroxv 
derivatives  of  pyridine  and  quinoline  react  readily,  whereas  the  beta 
isomers  do  not  An  example  is  the  preparation  of  2-chlorolepidine  by 

28e8a97°viel  l)P  SP  US  °XyChl°ride  011  4-methylcarbostyril  (OS  24, 


CH? 


CHc 


\A 


N 


'/ 


OH 


+  POCl3 


N 


Cl 


+  HP03  +  HC1 


the  corresponding  acid  chlorides  bt° 

notably  phosphorus  pentachloride  •  The  convprri^  r fp^ Mphorus» 
acid  to  p-nitrobenzoyl  chloride  is  ilh  ££'£%** 
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n°2<3c°2H  +  PC15  - )  N02<3C0C1  +  P0C13  +  HC1 

If  the  acid  chloride  to  be  made  boils  near  107°,  the  boiling  point  ot  phos¬ 
phorus  oxychloride,  phosphorus  trichloride  may  be  chosen. 

3RC02H  +  PC13  - >  3RCOC1  +  H3PO3 


Removal  of  the  phosphorus  oxychloride  presents  difficulty,  and  for 
this  reason  phosphorus  pentacliloride  has  been  replaced  to  a  large  extent 
by  thionyl  chloride;  an  example  of  the  use  of  tliionyl  chloride  is  the 
preparation  of  the  acid  chloride  from  methyl  hydrogen  succinate  (OS 
25,  20;  93%  yield). 


CH2CO2CH3 

CH2C02H 


+  SOCl2 


CH2CO2CH3 

CH2COCI 


+  S02  +  HC1 


Thionyl  chloride  is  a  superior  reagent  because  it  gives  only  gaseous 
by-products.  By  its  use  the  acid  chloride  may  be  obtained  directly  in  a 
fairly  pure  state.  This  method  has  been  employed  in  the  preparation  of 
chlorides  of  n-butyric  (OS  I,  147;  85%  yield),  isobutyric  (OS  25,  58; 
90%  yield),  adipic  (OS  26,  57),  mesitoic  (OS  21,  78;  97%  yield),  and 
cinnamic  (OS  20,  77)  acids.  A  somewhat  unusual  application  is  the 
conversion  of  p-phenylazobenzoic  acid  into  the  corresponding  acid 
chloride  (OS  25,  87;  89%  yield). 


C6H5N=NC6H4C02H  +  SOCI2  — > 

C6H5N=NC6H4C0C1  +  HC1  +  so2 

Thionyl  chloride  alone  is  not  effective,  however,  with  all  acids.  It 
converts  succinic,  glutaric,  and  phthalic  acids  to  the  corresponding 
anhydrides  and  fails  to  attack  oxalic,  tartaric,  fumanc,  and  terephthahc 
acids  31  However,  addition  of  small  amounts  of  zinc  chloride  and  use 
of  higher  temperatures  bring  satisfactory  results  with  fumanc,  succinic, 
and  phthalic  acids.  The  preparation  of  phthalyl  chloride  ^  effected  m 
86%  yield  by  treating  the  anhydride  with  thionyl  chloride  at  220  in  the 
presence  of  traces  of  zinc  chloride.33  Benzotrichloride  may  be  employed 

instead  of  thionyl  chloride. 


/V  /CO 

/yy  \  ZnCl2 

I  o  +  CgH5CC13  - ► 


/\coci 


V 


COCl 


+  CcH5COC1 


si  McMaster  and  Ahmann,  J.  Am.  Chem.  Soc.,  60,  14.)  (U-S). 
32  Kyrides,  J.  Am.  Chem.  Soc.,  69,  206  (1937), 


REPLACEMENT  OF  HYDROXYL  GROUPS  BY  AMINO  GROUPS  103 
When  an  acid  and  an  acid  chloride  are  mixed,  the  following  equilibrium 

!S  S6t  UP:  RCOC1  +  R'C02H  ^  RC02H  +  R'COCI 

Advantage  is  taken  of  this  behavior  to  prepare  acid  chlorides  from  less 
volatile  ones.  Thus  acetyl  chloride  is  conveniently  made  by  distilling 
an  equimolecular  mixture  of  acetic  acid  and  benzoyl  chloride. 

C6H5C0C1  +  CH3CO2H  - >  C6H5C02H  +  CH3COCI 

Benzotrichloride  can  be  used  in  this  way  also.  When  it  is  heated  with 
acetic  acid,  a  mixture  of  acetyl  and  benzoyl  chlorides  is  formed.  The 
two  acid  chlorides  are  easily  separated  by  distillation. 

C6H5CC13  +  CH3C02H  —A  C6H5C0C1  +  CH3COCI  +  HC1 


An  analogous  change  is  the  conversion  of  maleic  anhydride  to  fumaryl 
chloride  by  treatment  with  phthalyl  chloride  in  the  presence  of  zinc 
chloride  (OS  20,  51;  95%  yield). 


CHCO 


0  + 


CHCO7 


V 


COCl 

COC1 


ZnCl2 


CHCOC1 


+ 


C1COCH 


CO 


\ 


CO7 


o 


Oxalyl  chloride  is  an  excellent  reagent  for  the  conversion  of  acids  to 
acid  chlorides  and  is  especially  valuable  if  a  salt  of  the  acid  is  employed.33 

RC02Na  +  COCl  - ►  RCOC1  +  CO  +  C02  +  NaCl 

COCl 


This  reagent  has  proved  to  be  of  great  value  with  keto  acids  and  with 
unsaturated  acids.34 


Replacement  of  Hydroxyl  Groups  by  Amino  Groups 

Replacement  of  a  hydroxyl  group  by  an  amino  group  generally  does 
not  take  place  readily  and  probably  occurs  by  an  indirect  route.  For 
alcohols  the  most  satisfactory  procedure  is  the  catalytic  process.  Meth¬ 
anol  and  ammonia  react  at  high  pressures  and  temperatures  in  the 
presence  of  a  copper  chromium  oxide  catalyst  to  yield  methylamine. 

CH3OH  +  NH3  - ►  CH3NH0  +  H20 

Dimethyl-  and  tnmethylamine  are  formed  also  but  by  use  of  an  excess 
o  ammonia;  the  primary  amine  can  be  prepared  in  80%  yields. 

33  Adams  and  Ulich,  J.  Am.  Chem.  Soc.,  42,  599  (1920). 

34  Wilds  and  Shunk,  J .  Am.  Chem.  Soc.,  70,  2427  (1948). 
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A  hydroxyl  group,  like  other  substituents,  is  not  held  firmly  by  the 
a-carbon  atom  in  a  carbonyl  compound,  a  nitrile,  or  an  acid,  since  the 
radical  produced  by  its  removal  is  resonance  stabilized.  Cyanohydrins 
are  particularly  sensitive  to  ammonia,  yielding  amino  nitriles.  This 
reaction  has  been  made  the  basis  of  a  synthesis  of  amino  acids  developed 
by  Strecker,  the  first  phase  of  which  involves  the  addition  of  hydrogen 
cyanide  to  an  aldehyde  or  ketone  in  the  presence  of  ammonia  or  an 
amine.  The  amino  nitrile  that  is  produced  yields  an  amino  acid  when 
hydrolyzed. 

The  preparation  of  alanine  from  acetaldehyde  is  an  illustration  of  the 
Strecker  method  (OS  I,  21;  60%  yield). 


NaCN 

CH3CHO  „>  CH3CHCN  - ►  CH3CHCO2H 


NH4CI 


NHc 


NIL 


In  a  similar  manner  a-aminodiethylacetic  acid  can  be  synthesized 
from  diethyl  ketone  (OS  22,  13;  43%  yield). 


CoH 


5\ 


CoH 


C2H/ 


C=0 


5\ 

CCN 

C2H^h 


C2H5X 

CCN 

C2h/^h2 


C,H 


2n5\ 


c^^nh 


cco2h 

2 


a-Aminophenylacetic  acid  has  been  prepared  from  benzaldehyde  by  the 

Strecker  procedure  (OS  22,  23;  37%  yield). 

An  example  of  more  than  ordinary  interest  is  the  synthesis  of  serine 

from  ethoxyacetaldehyde  (p.  240). 30 

HCN  NH3 

C2H5OCH2CHO  - — ►  C2H5OCH2CHCN  - > 

OH 

c2h5och2c.hcn  hoch2chco2h 
nh2  nh2 

Another  example  is  the  formation  of  diethylammoacetomtrile  from 
formaldehyde  cyanohydrin.  Actually  it  is  more  convenient  to  effect  the 
cyanomethylation  by  heating  a  mixture  of  the  amine,  sodium  cyanide, 
formaldehyde,  and  sodium  bisulfite  (OS  27,  20;  90%  yield). 

(C2H5)2NH  +  NaCN  +  CH20  +  NaHSOs  - » 

(C2H5)2NCH2CN  +  Na2S03  +  H20 

Cyanomethylation  of  ethylenediamine  is  employed  to  make  Versene, 
which  is  valuable  as  a  sequestering  agent  for  metallic  ions. 

36  Redemann  and  Icke,  J.  Org.  Chem.,  8,  159  (1943). 
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CH2NH2  CH2N(CH2CN)2  CH2N(CH2C02H)2 
CH2NH2  *  CH2N(CH2CN)2  *  CH2N(CH2C02H)2 

The  metallic  ion  is  held  in  the  complex  by  chelation  (p.  285)  with  the 
nitrogen  atoms. 

Na02CCH2  /CH2C02Na 

NCH2CH2N 
/  •.  \ 

CH2  Me  CH2 

I  /\  I 

co— o  0— CO 


The  carboxylic  acid  can  be  made  in  one  step  by  slow  addition  of  an 
aqueous  solution  of  formaldehyde  to  an  aqueous  solution  of  ethylene- 
diamine,  sodium  hydroxide,  and  sodium  cyanide.36  This  reaction  has 
been  called  carboxymethylation  and  appears  to  be  very  different  from 
that  of  Strecker. 

Cyanomethylation  of  ammonia  itself  has  been  achieved  by  adding 
sodium  cyanide  slowly  to  an  ice-cold  mixture  of  formaldehyde  and 
ammonium  chloride  (OS  I,  355;  71%  yield).  The  product  is  not  C3rano- 
methylamine  but  the  trimeric  form  of  the  Schiff  base,  methyleneamino- 
acetonitrile,  generated  from  it  and  formaldehyde. 

2CH20  +  NH4C1  +  NaCN  - ►  CH2=NCH2CN  +  NaCl  +  2H20 

A  closely  1  elated  reaction  of  cyanohydrins  is  their  facile  conversion 
to  hydantoins.  Acetone  cyanohydrin  reacts  with  ammonium  carbonate, 
foi  example,  to  give  a  56%  yield  of  5,5-dimethylhydantoin  (OS  20,  42), 
the  amino  nitrile  being  a  probable  intermediate. 


CH3x  /OH 

C  -f  (NH4)2C03 
CH/  \CN 


CH3x 


chs/ 


c- 


-NHx  +  2H20  +  NH3 
CO 


CO-NH/ 


•  ,  h' dL°Xt  g,T  °f  aclds  may  be  rePlaced  by  an  amino  group 

simply  by  heating  the  ammonium  salt  of  the  acid;  an  example  is  the 

conversion  o  ammonium  acetate  to  acetamide  (OS  I,  3).  N-Methyl- 

formamhde  is  produced  by  heating  methylaniline  with  ormic  acid  in 

C6H5NHCH3  +  HC02H  - 1  C6H5N/CHO  +  H  .O 

\CH 

-  Smith,  Bullock,  Bcrsworth,  and  MarteU,  J.  Org.  Chem.,  14,  355  (1949). 
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Enols  show  a  pronounced  tendency  to  undergo  this  type  of  change. 
Ethyl  acetoacetate,  for  example,  reacts  with  ammonia  to  yield  ethyl 
j3-aminocrotonate. 


OH 

i 


CH3OCHCO2C2H5  +  NH3 


OH 

[CH3C-CH2C02C2H5] 

nh2 


nh2 

ch3c=chco2c2h5  4-  h2o 

Ethyl  /3-anilinocrotonate  is  produced  in  a  similar  way  (OS  29,  42;  80% 
yield).  Replacement  of  this  type  may  involve  addition  of  ammonia  or 
an  amine  followed  by  elimination  of  water. 

Urea,  which  is  basic,  can  serve  also  to  replace  an  enolic  hydroxyl 
group,  as  is  exemplified  by  the  first  step  in  the  preparation  of  6-methyl- 
uracil  from  urea  and  ethyl  acetoacetate  (OS  II,  422;  77%  yield). 

NHCONH2 

CH3C0CH2C02C2H5  +  H2NCONH2 - >  CH3C=CHC02C2H5  +  H20 


The  free  0-uraminocrotonic  acid,  obtained  by  saponification  of  the  ester, 
undergoes  ring  closure  immediately. 


NHCONH2 

CH3C=CHC02H 


NHCONH 

CH3C=CHCO  +  H20 


The  Bucherer  Reaction.  Replacement  of  phenolic  hydroxyl  groups 
by  amino  groups,  rarely  possible  by  direct  means,  can  be  accomplished 
with  ease  in  the  naphthalene  series.  Naphthols  when  treated  with 
ammonia  and  sodium  bisulfite  are  converted  to  the  corresponding 
naphthylamines.  This  transformation  is  reversible  and  can  be  employed 
to  convert  naphthylamines  to  the  corresponding  naphthols  (OR  I,  105). 

The  Bucherer  reaction  is  possible  because  of  the  diminished  aro¬ 
maticity  that  characterizes  the  naphthalene  nucleus.  One  of  the 
manifestations  of  lowered  aromaticity  is  the  tendency  of  the  naphthols 
to  react  in  the  corresponding  keto  forms.  For  example,  1-naphthol  is 
believed  to  form  a  sodium  bisulfite  addition  compound,  which  in  turn 
reacts  with  ammonia  in  such  a  way  as  to  suffer  replacement  of  the 
hydroxyl  group  by  the  amino  group.  The  final  step  in  the  process  is  the 

loss  of  sodium  bisulfite  (AR  1947,  138). 


THE  BUCHERER  REACTION 


107 


O 

ll 

/\/\ 


w 


NaHSOs 


HO  S03Na 

\/ 

/\/\ 


w 


NH^ 

'H20 


H2N  SOsNa 

\/ 


nh3 


w 


NaHS03 


NH, 


w 


With  1-  and  2-naphthol  and  many  of  their  derivatives  the  reaction 
can  be  carried  out  satisfactorily  in  either  direction.  Since  2-nitro- 
naphthalene  cannot  be  made  by  direct  nitration  of  naphthalene,  the 
Bucherer  method  of  preparing  2-naphthylamine  is  particularly  valuable. 

The  only  benzene  derivative  which  undergoes  this  type  of  reaction 
at  all  satisfactorily  is  resorcinol;  m-phenylenediamine  is  formed  in  80% 
yields.  Another  example  outside  the  naphthalene  group  is  8-hydroxy- 
quinoline,  which  gives  nearly  quantitative  yields  of  the  corresponding 
amine. 


In  some  instances  replacement  can  be  effected  by  heating  with  am¬ 
monia  under  pressure  or  in  the  presence  of  a  catalyst  such  as  zinc  chlo¬ 
ride.  The  conversion  of  3-hydroxy-2-naphthoic  acid  to  3-amino-2- 
naphthoic  acid  illustrates  the  use  of  zinc  chloride  (OS  22,  19;  70%  yield). 


co2h 

OH 


co2h 

nh2 


CHAPTER  VI 


HALOGEN  COMPOUNDS 


Organic  halogen  compounds  are  of  interest  chiefly  as  intermediates  in 
the  synthesis  of  other  types  of  compounds.  The  halogen  atoms  undergo 
displacement,  for  example,  by  hydroxyl,  amino,  alkyl,  alkoxyl,  cyano, 
and  thiol  groups,  functions  which  cannot  ordinarily  be  introduced 
directly.  Organic  halides  may  also  lose  hydrogen  halides,  yielding 
unsaturated  or  cyclic  compounds.  The  ease  with  which  reaction  occurs 
varies  greatly  not  only  with  the  structure  of  the  halogen  compound  but 
also  with  the  type  of  reaction. 

The  displacement  reactions,  which  may  be  nucleophilic  or  electro¬ 
philic  in  nature,  form  what  is  probably  the  most  important  class  of 
reactions  in  organic  chemistry.  Their  prevalence  is  taken  to  mean  that 
the  forces  to  be  overcome  are  weaker  for  this  group  than  for  other  types 
of  reactions.  The  hydrolysis  of  an  alkyl  or  aryl  halide  is  a  typical 

example. 


Nucleophilic  Substitution 

Two  tvpes  of  hydrolytic  processes  have  been  recognized  experi¬ 
mentally.  In  one  of  these  the  rate  of  hydrolysis  is  independent  of  the 
concentration  of  the  hydroxyl  ion.  It  is  designated  as  an  SNl  reaction,  i.e., 
a  nucleophilic  substitution  reaction  of  the  first  order  and  may  be  formu¬ 
lated  as  follows. 

—  slow _ ,  ,  “ 

R-Xi  - >  R+  +  'XI 


R+  +  i O-H 


fast 


R-O-H 


This  type  of  behavior  is  observed  with  alkyl  halides  in  which  the  car- 
bonium  ion  corresponding  to  the  alkyl  radical  is  stabilized  by  lesonance. 
If  the  resonance  stabilization  is  not  great,  the  rate  o  y  10  jsis  wi 
depend  on  the  concentration  of  the  hydroxyl  ion  as  well  as  on  that  of 
the  alkyl  halide,  i.e.,  will  be  of  the  second  order  (SN 2).  It  must 
assumed  that  these  displacements  occur  in  the  following  way. 


H-0 1  +  R-X  i 


H-O-R  +  i  X 


108 


NUCLEOPHILIC  SUBSTITUTION 


109 


The  mechanism  of  this  type  of  reaction  ($#2)  has  been  elucidated  by 
the  study  of  certain  optically  active  halides  which  undergo  inversion 
when  hydrolyzed.  This  type  of  change,  known  as  the  W aldeu  iuvevsiou , 
occurs,  for  example,  when  an  optically  active  ester  of  p-toluenesulfonic 
acid  and  benzylmethylcarbinol  is  treated  with  acetate  ion.  The  acetate 
which  is  produced  is  found  to  have  the  configuration  opposite  to  that 
of  the  sulfonate.1 


C6H5CH2 

CH; 


>choso2c7h7  +  CH3C02- 


c6h5ch2 


CH, 


>CHOCOCIi3  +  c7h7so3 


To  account  for  this  phenomenon  an  intermediate  complex  has  been 
postulated  in  which  the  acetate  ion  attacks  the  face  of  the  tetrahedron 
opposite  to  the  vertex  occupied  by  the  group  to  be  expelled.  The 
process  may  be  represented  by  the  following  diagram. 


0 


B 


CH3CO  i  +  >C-0S02C7H7 

c 


0  A  B 

ch3co  -  -  -cf-  -  -oso2c7h7 
c 


O  A 

CH3CO-C-B  +  I  oso2c7h7 


-  \ 


c 


Imeision  may  occur  in  Sjy  1  reactions  also.  However,  in  such  reac¬ 
tions  racemization  is  extensive  because  the  carbonium  ion  assumes  a 
planar  configuration  and  the  probability  of  obtaining  the  D-form  is 
equal  to  that  of  obtaining  the  L-form.  In  SN 2  reactions,  on  the  other 

land,  racemization  is  slight.  This  difference  is  often  used  as  a  criterion 
ol  *Sjvl  and  Sn 2  reactions. 

In  certain  compounds  whose  structures  are  such  as  to  preclude  rear¬ 
ward  attack,  many  substitution  reactions  are  prevented  from  taking 
place.  An  example  is  the  bicyclic  chloride,  I.2 


1  Phillips,  J.  Chem.  Soc.,  123,  44  (1923). 

2  Bartlett  and  Knox,  J.  Am.  Chem.  Soc.,  61,  3184  (1939). 
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The  corresponding  alcohol  is  not  oxidized  by  dichromate,  is  not  dehy¬ 
drated  or  caused  to  rearrange  by  concentrated  sulfuric  acid,  and  does 
not  yield  the  chloride  when  treated  with  thionyl  chloride  or  phosphorus 
pentachloride.  Moreover,  the  chloride,  prepared  by  the  action  of 
nitrosyl  chloride  on  the  amine,  cannot  be  removed  by  silver  nitrate  or 
alcoholic  sodium  ethoxide.  Thus  reactions  of  the  SatI  type  fail  also 
with  this  type  of  compound.  This  behavior  is  explained  by  the  fact 
that  the  carbonium  ion  cannot  assume  a  planar  configuration. 

Evidence  has  been  found  which  indicates  that  reactions  of  the  SnI 
type  involve  the  solvent.  When  triphenylmethyl  (trityl)  chloride  or 
bromide  is  treated  with  methanol  in  pyridine,  methyl  trityl  ether  is 
formed  rapidly.  When  phenol  is  employed,  phenyl  trityl  ether  is  pro¬ 
duced  but  at  a  slower  rate.  However,  if  both  methanol  and  phenol  are 
present,  the  methyl  ether  forms  seven  times  as  fast  as  the  sum  of  the 
rates  of  reaction  with  methanol  or  phenol  separately.  The  kinetics  is 
third  order.  It  has  been  suggested  that  phenol  attacks  the  bromine 
atom  by  hydrogen  bonding  at  the  same  time  that  methanol  makes  a 
nucleophilic  (probably  rearward)  attack  on  the  carbon  atom.3 

HOCH3  HOCH3 

(C6H5)3C-Br-  HOC6H5  - ►  (C6H5)3C  +  Br-HOC6H5 

i"H+  i'Br‘ 

(C6H5)3COCH3  hoc6h5 

Halogen  Interchange 

When  a  suitable  alkyl  halide  is  treated  with  a  halide  ion  in  solution, 
halogen  interchange  occurs.  The  reaction  is  reversible  and  may  be  made 
to  go  to  completion  if  one  of  the  reactants  is  removed  as  it  is  formed. 
Since  sodium  chloride  and  sodium  bromide  are  insoluble  in  acetone 
whereas  sodium  iodide  is  soluble,  many  chlorides  and  bromides  may  be 
converted  to  the  corresponding  iodides  by  treatment  with  sodium  iodide 
in  acetone  solution.  A  remarkable  example  is  the  conversion  of  penta- 
ervthrityl  bromide,  which  has  the  neopentyl  structure,  to  the  corre¬ 
sponding  iodide;  however,  the  reaction  requires  heating  for  48  hours 

(OS  II,  477;  98%  yield). 

C(CH2Br)4  +  4NaI  - ►  C(CH2I)4  +  4NaBr 

Iodoacetic  acid  is  made  from  chloroacetic  acid  in  a  similar  way. 

C1CH2C02H  +  Nal  - *  ICH2C02H  +  NaOl 

3  Swain,  J.  Am.  Chem.  Soc.,  70,  1119  (1948). 
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This  method  affords  a  convenient  route  to  allyl  iodide,  which  can  be 
produced  in  good  yield  from  the  commercially  available  chloride.4 

This  reaction  has  been  made  the  basis  of  a  test  for  the  degree  of  reac¬ 
tivity  of  the  halogen  atoms  in  halogen  compounds.  Tertiary  halides 
are  less  reactive  than  secondary,  which  in  turn  are  less  reactive  than 
primary  halides.  Thus  primary  bromides  give  a  precipitate  of  sodium 
bromide  in  3  minutes  at  25°,  whereas  for  secondary  and  tertiary  bromides 
the  solution  must  be  heated  to  50°.  The  exchange  reaction  is  believed 
to  be  of  the  Sn%  type  and  is  impeded  by  radicals  that  shield  the  rear  of 
the  carbon  atom  involved  in  the  exchange.  The  silver  nitrate  test, 
which  shows  the  reverse  order  of  reactivity,  appears,  on  the  other  hand, 
to  depend  on  a  reaction  of  the  S^l  type  and  is  favored  by  attachment 
of  radicals  to  the  carbon  atom  that  is  affected. 

Further  advances  in  our  knowledge  of  the  Walden  inversion  have 
been  obtained  by  work  with  optically  active  iodides  (Gilman  I,  272). 
When  L-2-iodooctane  is  treated  with  sodium  iodide  in  acetone  solution, 
for  example,  racemization  occurs.  By  the  use  of  sodium  iodide  contain¬ 
ing  radioactive  iodine  it  was  found  that  the  rate  of  exchange  of  iodine 
atoms  is  the  same  as  that  of  racemization. 


CsHijI  -f-  I  ~~  CgH17I  -f-  I 

It  may  be  mentioned  that  the  synthesis  of  fluorine  compounds  such 
as  the  “Freons”  is  carried  out  by  replacement  of  chlorine  atoms  by 
treatment  with  hydrogen  fluoride,  with  antimony  trifluoride  and 
antimony  pentachloride  as  “catalysts.” 


6HF  +  2SbCI3 
3CC14  +  2SbF3 


SbCl« 


4  2SbF3  +  6HC1 
4  2SbCl3  +  3CC12F2 


Halogen  interchange  may  be  brought  about  also  by  the  action  of  a 
lalogen  upon  an  alkyl  halide.  Treatment  of  alkyl  iodides  with  bromine 
o,  example  converts  them  to  the  corresponding  bromides.  Illustrative 
1  foimation  of  isopropyl  bromide  from  isopropyl  iodide. 


Hydrolysis 

”™  with  nearly  all  alkyl  halide,  and  may  TfcJiS  Z 
Sharpies  pmcea,  (p.  29)  for  amyl  ,nm  £££*  l"e 

*  Letsinger  and  Traynham,  J.  Am.  Chem.  See.,  70,  2818  (1948). 
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The  raw  material  consists  chiefly  of  n-pentane  and  isopentane  and 
when  chlorinated  yields  a  variety  of  monochlorides.  The  hydrolysis  is 
accomplished  in  a  system  of  vessels  through  which  an  emulsion  of  amyl 
alcohol,  water,  and  sodium  oleate  is  circulated.  A  mixture  of  amyl  chlo¬ 
rides  and  caustic  soda  is  continuously  added  to  this  circulating  material. 
A  saturated  salt  solution  is  continuously  withdrawn,  and  a  vapor  con¬ 
sisting  chiefly  of  amyl  alcohols  is  constantly  given  off.  The  mixture  of 
amyl  alcohols  is  marketed  as  Pentasol  or  as  the  acetate,  Pentacetate. 
The  mixture  of  alcohols  is  separated  by  fractional  distillation,  the  chief 
products  being  the  following. 

ch3ch2ch2ch2ch2oh  ch3ch2ch2chch3 

OH 

ch3ch2chch2ch3  ch3chch2ch2oh  ch3ch2chch2oh 

OH  CH3  CH3 


Secondary  and  tertiary  alcohols  are  produced  in  small  amounts, 
probably  because  the  corresponding  chlorides  lose  hydrogen  chloride. 
Trimethylethylene,  the  amylene  that  would  be  formed,  is  in  fact  a 
product  of  the  reaction.  It  serves  as  a  source  of  £-amyl  alcohol  made 
by  the  hydration  process  (p.  54). 


Cl 

CH3CCH2CH3 

ch3 

Cl 

ch3chchch3 

ch3 


ch3c=chch3 

ch3 


OH 

CH3CCH2CH3 

ch3 


Benzyl,  allyl,  and  methallyl  alcohols  are  produced  on  a  large  scale  by 
hydrolysis  of  the  corresponding  chlorides.  One  method  of  making 
ethylene  glycol  consists  in  the  alkali-catalyzed  hydrolysis  of  ethylene 
chlorohydrin.  The  hydrolysis  may  be  effected  by  heating  with  sodium 
bicarbonate  under  slight  pressure.  Propylene  glycol  is  made  from 
propylene  by  a  series  of  reactions  similar  to  those  employed  in  converting 

ethylene  to  ethylene  glycol. 


ch3ch=ch2 


OH 

ch3chch2ci 


o 

ch3ch-ch2 


OHOH 

ch3chch2 
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A  method  for  synthetic  glycerol  involves  the  hydrolysis  of  glycerol 
a,Y-dichlorohydrin,  obtained  by  the  action  of  hypochlorous  acid  on  allyl 
chloride  (p.  53). 5 

/3-Methylglycerol  can  be  produced  in  a  similar  way  from  methallyl 
chloride. 

Cl  OH  Cl  OH  OH  OH 

CH2=CCH2C1  +  HOC1  - >  CH2-C - CH2  - >  CH2-C - CH2 

ch3  ch3  ch3 

Acid  chlorides  and  a-halo  ethers  undergo  rapid  hydrolysis,  of  course. 
An  example  of  the  hydrolysis  of  an  a-chloro  ether  is  the  conversion  of 
2,3-dichlorodioxane  to  ethylene  glycol  and  glyoxal. 

O 

/  \ 

CH2  CHC1  CH2OH  CHO 

|  +  2H20  - ►  |  +  |  +  2HC1 

CH2  CHC1  CHoOH  CHO 

\  / 

O 


2-Bromophthalide,  produced  by  bromination  of  phthalide,  readily 
undergoes  hydrolysis  to  yield  phthalaldehydic  acid  (OS  23,  74).  The 
over-all  yield  is  68%. 


a-Halo  Ketones.  In  the  study  of  the  hydrolysis  of  a-halo  ketones  a 
number  of  unusual  transformations  have  been  uncovered.  For  example 
Wallach  found  that  treatment  of  the  dibromo  derivative  of  cyclo^ 
hexanone  yielded  1-hydroxycyclopentanecarboxylic  acid. 


dibromo  derivative 


Vco2h 

xxoh 


Favorsky  reported  a  similar  result  with  2-chlorocyclohexanone  which 
is  com  erted  by  alkali  into  cyclopentanecarboxylic  acid. 
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A  possible  mechanism  for  this  change  involves  the  intermediate  forma¬ 
tion  of  a  cyclopropanone  ring  by  joining  the  two  carbon  atoms  adjacent 
to  the  carbonyl  group.  Experiments  with  2-chlorocyclohexanone,  in 
which  the  carbon  atom  holding  the  chlorine  atom  is  C-14,  strongly 
support  this  or  some  other  mechanism  in  which  carbon  atoms  2  and  6 
are  at  some  time  equivalent.6 


CO 

/  \ 

CH2  CHC1 


CH2  ch2 

\  / 

ch2 


CO 

/  \ 

CH - CH  R0H  CH2 — CHC02R 

I  I  - »  I  I 

ch2  ch2  ch2  ch2 


CHc 


CHs 


A  somewhat  similar  reaction  is  the  transformation  of  benzyl  chloro- 
methyl  ketone  into  methyl  hydrocinnamate  (80%  yield)  by  the  action  of 
sodium  methoxide.7 

c6h5ch2coch2ci  CHi°-n4  c6h5ch2ch2co2ch3 

A  similar  rearrangement  occurs  when  9-bromoacetyldihydroanthia- 
cene  is  treated  with  a  secondary  amine.8 


R2NH 
>COCH2Br  - ► 


^>CH2CONR2 


Dihalides.  Compounds  having  two  halogen  atoms  on  the  same 
carbon  atom  may  be  hydrolyzed  to  carbonyl  compounds,  as  is  illustrated 
by  the  conversion  of  benzal  chloride  to  benzaldehyde. 

C6H5CHC12  +  H20  - >  C6H5CHO  - >  2HC1 

The  reaction  is  of  little  use  in  the  aliphatic  series  because  the  dihalo 
compounds  are  hard  to  prepare  and  their  hydrolysis  requires  heating 
with  alkali— a  treatment  which  often  causes  the  products  o  resim  y. 
The  method  is  excellent,  however,  for  the  preparation  of  aromatic  alde¬ 
hydes  such  as  p-bromoben zaldehy de  (OS  II,  89). 

p-BrC6H4CHBr2  - >  p-BrCcH4CHO 

„  Chlorobenzaldehyde  is  made  from  p-chlorotoluene  by  way  of  the 
corresponding  benzal  chloride  (OS  II,  133).  In  a  similar  way  terephthal- 

« Loftfield,  J.  Am.  Chem.  Soc.,  72,  632  (1950). 
i  McPhee  and  Klingsberg,  J.  Am.  Chem.  Soc  66  32  (1944). 

»  May  and  Mosettig,  J.  Am.  Chem.  Soc.,  70,  1077  ( 
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aldehyde  is  obtained  from  p-xylene  (OS  20,  92),  the  over-all  yield  being 

46%.  H  O 

CH3C6H4CH3  — ►  Br2CHC6H4CHBr2  — OHCC6H4CHO 

XI2DU4 

Since  aldehydes  are  sensitive  to  alkalies,  the  hydrolysis  of  benzal  halides 
is  carried  out  with  acids  or  with  water  in  the  presence  of  powdered 
calcium  carbonate.  This  method  has  been  applied  successfully  to 
o-xylene,  or  better,  o-methylbenzyl  chloride,  for  the  production  of 
phthalaldehyde.9  A  similar  hydrolysis  of  a  dichloromethyl  group  is 
believed  to  occur  in  the  Reimer-Tiemann  reaction  also  (p.  347). 

Although  benzophenone  can  be  made  satisfactorily  by  this  method, 
the  intermediate  benzophenone  dichloride  is  not  ordinarily  obtained 
from  diphenylmethane  by  chlorination  but  from  benzene  and  carbon 
tetrachloride  by  the  Friedel-Crafts  procedure  (OS  I,  95). 

C6H5CC12C6H5  +  H20  - ►  C6H5COC6H5  +  2HC1 

It  is  feasible  to  convert  many  suitably  constituted  ketones  and  acids 
to  the  corresponding  a,<x-dihalo  derivatives,  hydrolysis  of  which  yields 
dicarbonyl  compounds.  Dichloroacetic  acid,  for  example,  gives  glyoxylic 
acid. 

CHC12C02H  - y  0HCC02H 

It  may  be  noted  in  passing  that  the  preparation  of  dichloroacetic 
acid  from  chloral  (p.  38)  depends  on  the  ability  of  a-halo  aldehydes  to 
behave  as  though  they  were  the  isomeric  acid  halides.  If  ammonia  is 
employed,  the  product  is  dichloroacetamide  (OS  20,  37;  78%  yield). 

CCIsCHO  +  2NH3  - ►  CHCI2CONH2  +  NH4C1 

Diphenyl  triketone  is  produced  by  heating  the  dibromide  from 
dibenzoylmethane  with  sodium  acetate  in  glacial  acetic  acid.  The 
addition  of  water  precipitates  the  hydrate  of  the  triketone  (OS  II,  244). 

I  he  yield,  based  on  dibenzoylmethane,  is  59%. 

6  r,C°  CH2  - ►  CcH  >C°NCBro  CH3C°2Na,  r'f’H5r°\  v 

C6H5CO/  CcH5CO/  2  CH3CO2H  c6H5CO'° 

(pT3e5t2)methyl  l’2’3'CyClOPentanetri°ne  made  by  a  S'milar  method 

(CH3)2C-CB^  sohdt“te.  (CH3)2c-co 

fCH  ^  p  on  ^  I  /CO 

(OH3)2C-CO  (CH3)2C-CO 

’  Wawz0nek  and  KarI>-  J-  Am.  Chem.  Soc.,  70,  1666  (1948). 
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This  substance  was  obtained  as  a  colorless  hydrate  which  lost  water 
when  distilled,  giving  a  bright  blue  solid  melting  at  164°.  Analysis 
indicated  that  dehydration  was  about  80%  complete. 

One  might  think  that  glyoxals  of  the  type  ArCOCHO  could  be  pre¬ 
pared  by  the  following  procedure. 

Br2  H20 

ArCOCH3  — ^  ArCOCHBr2  — —4  ArCOCHO 

OH 

However,  alkali  converts  the  glyoxal  to  the  corresponding  hydroxy 
acid  (p.  359).  An  example  is  the  formation  of  sodium  mandelate  from 
dichloroacetophenone  (OS  23,  48). 

CgH5COCHC12  +  3NaOH  - ►  C6H5CHC02Na  +  2NaCl  -f  H20 

OH 


The  over-all  yield  of  mandelic  acid,  based  on  acetophenone,  is  87%. 
The  nearest  approach  to  success  along  this  line  consists  in  the  distillation 
of  bromophenacyl  acetate.10 

C6H5COCHBrOCOCH3  - >  C6H5COCHO  +  CH3COBr 


Vinal  chlorides,  which  correspond  to  ketenes,  yield  acids  when 
hydrolyzed.  Di-(p-chlorophenyl) acetic  acid,  for  example,  is  made 
from  DDT  in  this  way  (OS  26,  21).  The  over-all  yield  of  acid,  based 
on  the  DDT,  is  73%. 


(c1<3)2chcc>3  — h  (ciQ),/*^ 


KOH 

H20 


4 


(ci<3)2chc°2K  (a<3),<™°* 


The  usual  procedure  for  hydrolysis  of  the  methylenedioxy  group 
involves  preliminary  conversion  to  the  dichloro  derivative.  The  prepa¬ 
ration  of  4,5-dipropylcatechol  illustrates  this  method.11 


C3H7 

c3h7 


/\/ 


o 


\ 

( 

/ 


CH< 


C3H7 

c3h7 


yv°\ 


V\ 


/ 


CCh 


c3h7 

c3h7 


/\oH 


V 


OH 


,SV\0'  '  ^  N0 

Trichlorides.  Compounds  in  which  three  halogen  atoms  are  held  by 
the  same  carbon  atom  can  be  hydrolyzed  to  acids.  Benzotrichloride, 


io  Madelung  and  Obcrwegner,  Ber.,  65B,  931  (1932). 
n  Koelsch,  J.  Am.  Chem.  Soc.,  68,  148  (1946). 
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obtained  by  the  chlorination  of  toluene,  is  hydrolyzed  to  benzoic  acid 
on  a  commercial  scale. 

C6H5CC13  +  2H20  -5-4  C6H5C02H  +  3HC1 

If,  in  the  Reimer-Tiemann  aldehyde  synthesis  (p.  347),  carbon  tetra¬ 
chloride  is  used  instead  of  chloroform,  the  product  is  an  acid.  Presum¬ 
ably  the  trichloro  derivative  is  formed  as  an  intermediate.  p-Hydroxy- 
benzoic  acid  can  be  made  in  this  way. 


OH 

A 

I  +  CC14  +  2NaOH 

V 


ONa 

A 

+  NaCl  +  2H20 

V 

CC13 


ONa 

A 

I  +  4NaOH 

V 

CC13 


ONa 

A 

v 

C02Na 


+  3NaCl  +  2H20 


Trichloromethyl  carbonyl  compounds  are,  of  course,  exceptional  and 
undergo  chain  cleavage.  Chloral,  for  example,  reacts  with  sodium 
hydroxide  to  yield  chloroform  and  sodium  formate.  Trihalomethyl 

aldehydes  and  ketones  are  intermediates  in  the  haloform  reaction 
(p.  464). 

Aryl  Halides.  Aromatically  bound  halogen  is  activated  by  a  meta- 
directing  group  attached  to  an  ortho  or  para  position  in  the  ring  (p.  282). 

An  example  is  2,4-dinitrochlorobenzene,  which  is  easily  hydrolyzed  to 
2,4-dimtrophenol. 


U1 

/\ 


NOs 


V 

no2 


+  h2o 


^jNO; 

K/ 

no2 


+  HC1 
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tion  is  effected  in  the  vapor  phase  by  heating  a  mixture  of  benzene, 
hydrochloric  acid,  and  air.  The  oxygen  of  the  air  reacts  with  the  acid 
to  give  chlorine,  which  then  reacts  with  the  benzene. 

4HC1  +  02  - ¥  2H20  +  2C12 

C6H6  +  Cl2  - ¥  C6H5C1  +  HC1 

The  chlorobenzene  is  mixed  with  steam  and  hydrolyzed  to  phenol  and 
hydrochloric  acid,  the  latter  being  used  in  the  first  step. 

C6H5C1  +  H20  - ¥  C6H5OH  +  HC1 

The  net  result  is  the  transformation  of  benzene  and  atmospheric  oxygen 
to  phenol. 

The  Dow  process  for  phenol  consists  in  the  treatment  of  chlorobenzene 
with  sodium  hydroxide  at  350-400°  under  a  pressure  of  5000  lb.  per  sq. 
in.  The  chief  by-product  in  this  process  is  phenyl  ether,  the  formation 
of  which  is  suppressed  by  adding  the  ether  to  the  original  charge.  By¬ 
products  other  than  phenyl  ether  are  o-  and  p-phenylphenol.12 

Similar  treatment  converts  the  chlorotoluenes  to  cresols.  Since  the 
chlorination  of  toluene  yields  almost  exclusively  the  ortho  and  para 
isomers,  it  would  appear  that  this  method  would  be  useful  only  for 
producing  o-  and  p-cresol.  This,  however,  is  not  the  case.  Rearrange¬ 
ment  occurs  by  which  o-  and  p-chlorotoluenes  are  converted  in  con¬ 
siderable  part  to  m-cresol.13  This  type  of  rearrangement  is  observed 
also  when  chloro-  or  bromotoluenes  are  treated  with  potassium  amide 
in  liquid  ammonia,  a  mixture  of  toluidines  being  formed.44 

Catechol,  employed  extensively  as  an  antioxidant  in  gasoline,  is 
manufactured  by  hydrolysis  of  o-dichlorobenzene. 


Ammonolysis 


Replacement  of  halogen  atoms  by  the  amino  group,  i.e.,  ammonolysis, 
can  be  effected  with  many  types  of  halogen  compounds.  It  has  been 
especially  useful  in  the  preparation  of  o;-amino  acids,  the  corresponding 
halogen  compounds  being  readily .  prepared  by  halogenation.  n 
example  is  alanine  (OS  I,  23;  70%  yield). 

CH3CHBrC02H  +  2NH3  - >  CH3CH(NH2)C02H  +  NH4Br 


Glycine  (OS  I,  300;  65%  yield),  leucine  (OS  21,  75;  45%  yield),  and 
norleucine  (OS  I,  48;  67%  yield)  are  made  in  a  similar  way.  Othei  e.x- 


12  hid.  Eng.  Chem.,  News  Ed.,  20,  1510  (1942). 

13  Shreve  and  Marsel,  Ind.  Eng.  Chem.,  38, ,254  (1W I- 

»  Bergstrom  and  Horning,  J.  Org.  Chem.,  11,  334  (1.146). 
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amples  are  isoleucine  (OS  21,  62;  49%  yield),  valine  (OS  20,  107;  48% 
yield),  lysine  (OS  II,  374),  threonine  (OS  20,  102),  taurine  (OS  II,  563; 
55%  yield),  serine  (OS  20,  81),  and  phenylalanine  (OS  21,  101).  The 
a-halo  acid  is  usually  allowed  to  stand  for  several  days  with  a  great 
excess  of  ammonia. 

Replacement  of  halogen  atoms  by  substituted  amino  groups,  which 
may  be  termed  aminolysis,  is  usually  feasible  and  is  employed  extensively 
in  the  synthesis  of  amines.  /3-Diethylaminoethyl  alcohol,  for  example, 
is  prepared  in  70%  yields  by  condensing  diethylamine  with  ethylene 
chlorohydrin  (OS  II,  183). 

(C2H5)2NH  +  C1CH2CH20H  +  NaOH  - > 

(C2H5)2NCH2CH2OH  +  NaCl  +  H20 


/3-Di-n-butylaminoethyl  bromide  is  changed  to  /S-di-n-butylamino- 
ethylamine  in  a  similar  way  (OS  23,  23),  the  yield  being  55%.  Benzyl- 
aniline  can  be  prepared  in  87%  yields  by  the  interaction  of  benzyl 
chloride  and  aniline  (OS  I,  102). 

C6H5CH2C1  +  C6H5NH2  - >  C6H5CH2NHC6H5  +  HC1 

Sodium  bicarbonate  is  used  to  neutralize  the  hydrogen  chloride  as  it 
forms. 

Another  example  of  ammonolysis  is  the  synthesis  of  aminoacetal 
(OS  24,  3;  39%  yield). 


BrCH2CH(OC2H5)2  +  2NH3  - *  H2NCH2CH(OC2H5)2  +  NH4Br 

By  the  use  of  two  moles  of  chloroacetic  acid  to  one  mole  of  methylamine 

it  is  possible  to  make  methyliminodiacetic  acid  in  a  71%  yield  (OS  II, 
397) . 

CH3NH2  +  2C1CH2C02H  CH3N(CH2C02H)2  +  2HC1 


Certain  activated  aryl  halides  (p.  295)  react  readily  with  ammonia 
or  amines  to  yield  the  corresponding  aniline  derivatives.  2,4-Dinitro- 

,rom  2'wi"it“h'oro,»"“' » •»»  wW 


-A 


NO; 


V 

N02 


+  2NH3 


I 

^jjNO 

V 

no2 


+  nh4ci 


At  higher  temperatures  and  pressures  this  type  of  reaction  nnnoa 
b.  to, h.lW«  ,o,  -S,* 
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to  3,4-dimethylaniline  by  treatment  with  ammonia  at  195°  under  a 
pressure  of  700-1000  lb.  per  sq.  in.,  the  reaction  being  catalyzed  by  cu¬ 
prous  chloride  and  copper  (OS  28,  46;  66%  yield). 


Br 

UcH3 

ch3 


nh2 

A 

VCH3 

ch3 


Chlorobenzene  itself  has  been  ammonolyzed,  aniline  being  produced  in 
this  way  on  a  commercial  scale. 

Hydrazinolysis  serves  to  produce  hydrazines,  an  example  being  the 
synthesis  of  2,4-dinitrophenylhydrazine  from  2,4-dinitrochlorobenzene 
(OS  II,  228;  85%  yield). 


Cl 

/\no2 

V 

no2 


nhnh2 

/\n02 

V 

no2 


Iodides  are,  of  course,  more  reactive  than  bromides  or  chlorides;  it  is 
not  surprising  then  that  iodobenzene  reacts  with  diphenylamine^  at 
relatively  high  temperatures  to  produce  triphenylamine  in  an  85% 
yield  (OS  I,  544).  Nitrobenzene  is  employed  as  a  solvent  with  copper 
powder  as  a  catalyst,  potassium  carbonate  being  added  to  neutralize 
the  acid  that  is  liberated.  N-Phenylanthranilic  acid  is  synthesized  in  a 
similar  way  from  aniline  and  o-chlorobenzoic  acid  (OS  U,  l&i  Wo 

yield). 

/\C02H  _  CuO  rAc02H 


+  C6H5NH2 


4 


V 


Cl 


K2co3 


V 


nhc6h5 


+  HC1 


The  Sommelet  Method 

Hexamine  (hexamethylenetetramine)  (p.  371),  used  in  the  Duff 
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by  Sommelet,  affords  excellent  yields  of  aromatic  aldehydes  accompanied 
by  benzylamines  and  methylamine.  1-Naphthaldehyde  can  be  made  in 
good  yield  from  naphthalene  by  chloromethylation  followed  by  the 
Sommelet  treatment.15 

It  is  believed  that  the  benzylamine,  formed  initially,  undergoes 
dehydrogenation  to  the  imine,  which  is  then  hydrolyzed.16  In  support  of 

ArCH2NH2  - ►  ArCH=NH  - ►  ArCHO 

this  mechanism  is  the  fact  that  benzylamines  can  be  converted  to  the 
corresponding  aldehydes  by  the  use  of  hexamine.  The  benzylamine  is 
treated  with  formaldehyde,  and  the  oily  product,  dissolved  in  hydro¬ 
chloric  acid,  is  heated  with  an  aqueous  solution  of  hexamine.  The 
aromatic  aldehyde  is  formed  in  a  60%  yield.  When  a-phenylethylamine 
is  used,  acetophenone  is  produced. 

A  particularly  valuable  example  of  this  transformation  is  the  produc¬ 
tion  of  2-thenaldehyde  from  2-chloromethylthiophene  (OS  29,  87 ;  52% 
yield). 


^  /CH2C1 
S 


+  (CH2)6N4 


%  /JCH2[(CH2)6N4]+Cr 

s 


h2o 


\  ycHO 
s 

This  type  of  procedure  has  proved  to  be  successful  in  the  synthesis  of 
3-thenaldehyde  also.17 

When  heated  in  an  excess  of  ammonia,  the  hexamine-alkyl  halides 
afford  satisfactory  yields  of  amines.  Benzylamine  can  be  made  from 
benzyl  chloride,  for  example,  by  this  method.18 

Another  procedure  for  obtaining  aldehydes  from  halomethyl  com¬ 
pounds  is  illustrated  by  the  preparation  of  o-tolualdehyde  from  o-xylyl 
bromide.  The  bromide  is  condensed  with  the  sodium  derivative  of 

2-nitropropane ;  the  alkylation  product  decomposes  to  the  aldehyde  and 
the  oxime  of  acetone.19 

15  Coles  and  Dodds,  J.  Am.  Chem.  Soc.,  60,  853  (1938). 

16  Angyal  and  Rassack,  J.  Chem.  Soc.,  2700  (1949). 

17  Campaigne  and  LeSuer,  J.  Am.  Chem.  Soc.,  70,  1555  (1948) 

18  Graymore,  J.  Chem.  Soc.,  1116  (1947). 

19  Hass  and  Bender,  J .  Am.  Chem.  Soc.,  71,  1767,  3482  (1949). 
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/NcH2Br 

Uch3 


CH3x 

+  C=N02Na 

CH37 


—  NaBr 


4 


V 


?  /CH3 

ch2on=c 

xch3 

CHq 


A 

K/ 


CHO  CH3x 

+  C=NOH 
CH3  CH/ 


Mercaptan  Formation 

Replacement  of  halogen  by  the  sulfhydryl  group  can  be  accomplished 
directly  by  the  action  of  a  hydrosulfide. 

RX  +  KSH  - ¥  RSH  +  KX 

It  is  more  usual,  however,  to  effect  this  change  indirectly.  Thiourea 
and  potassium  ethyl  xanthate  can  be  alkylated  to  produce,  respectively, 
S-alkylisothiouronium  salts  (OS  II,  411)  and  S-alkyl  ethyl  xanthates 
(Gilman  I,  841). 


/ 


RX  +  S=C 


Nil 


RS-C 


.NIL 


NNH 


2. 


X 


RS-C 


X  +  NaOH  - ►  RSH  +  NaX  +  H20  +  H2NCN 


XNH2 

s  S 

RX  +  KSCOC2H5  - >  RSCOC2H5  +  KX 

Hydrolysis  converts  these  substances  to  mercaptans. 

/NH2‘ 

xnh2. 

s 

RSCOC2H5  +  H20  - >  RSH  +  C2H5OH  +  COS 

An  example  of  the  thiourea  method  is  the  preparation  of  benzyl  mer¬ 
captan  from  benzyl  chloride 

C6H5CH2C1  +  S=C 

^nh2 


c6h5ch2sc 


NHr 


XNH: 


Cl 


/NH2 

n'NH2 

Cl  +  NaOH  - ► 

C6H5CH2SH  +  NaCl  +  NH2CN  +  H20 

w-Dodecyl  mercaptan  is  produced  in  a  similar  way  (OS  21,  36;  83% 
yield). 


c6h5ch2sc 


NNH 


2  _ 
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The  conversion  of  dihalides  to  dithiols  can  be  effected  also  by  way  of 
the  S-alkylisothiouronium  salts. 


Williamson’s  Ether  Synthesis 

The  most  general  method  of  forming  an  ether  linkage  consists  in 
treatment  of  an  alkyl  halide  with  a  metal  alkoxide  or  phenoxide.  The 
preparation  of  ethyl  isobutyl  ether  from  sodium  isobutoxide  and  ethyl 
iodide  is  an  example. 

CH3XCHCH2ONa  +  CH3CH2I  - >  CHCH2OCH2CII3  +  Nal 

CH/  CHg/ 

The  syntheses  of  ethoxyacetic  acid  (OS  II,  260;  74%  yield)  and 
L-menthoxyacetic  acid  (OS  23,  52;  84%  yield)  are  carried  out  in  a  similar 
manner. 


C2H5ONa  +  C1CH2C02H 


C2H50CH2C02H  +  NaCl 


CH3 

/\ 


\^^ONa 
CH(CH3)2 


ClCH2C02Na 


ch3 

/\ 


HC1 


ch3 

/\ 


0CH2C02Na 


\y 

CH(CH3)2 


och2co2h 


\/ 

CH(CH3)2 


Aryloxyacetio  acids,  prepared  from  phenols  in  a  similar  way,  are  useful 
derivatives  for  purposes  of  identification. 

This  type  of  reaction,  developed  by  Williamson,  is  the  usual  method 
for  mixed  ethers  and  for  ethers  of  phenols.  The  synthesis  of  anisole  is 
illustrative  (OS  I,  58;  75%  yield).  Of  unusual  interest  is  the  formation 
of  a-glyceryl  phenyl  ether  by  the  interaction  of  sodium  phenoxide  and 
glycerol  a-monochlorohydrin  (OS  I,  296;  64%  yield). 


C6H5ONa  +  C1CH2CH0HCH20H 


C6H5OCH2CHOHCH2OH  +  NaCl 


The  higher  phenols  can  be  etherified  by  heating  their  salts  with  alkyl 
halides  under  pressure.  p-Nitrophenyl  propyl  ether,  for  example,  can 
be  synthesized  in  nearly  quantitative  yields  by  heating  potassium  ?> 

mtrophenoxide  with  propyl  bromide  in  alcohol  at  180°  for  3  hours  in  a 
sealed  tube. 


d any  natural  products  contain  phenolic  hydroxyl  groups  which  must 
be  protected  during  certain  of  the  operations  involved  in  degradation 
s  udies.  The  usual  method  is  to  convert  them  to  the  corresponding 
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aralkyl  ethers.  This  transformation  may  be  accomplished  by  treating 
the  phenoxide  with  an  alkylating  agent  such  as  methyl  iodide  or  sulfate. 

An  example  of  the  methylation  of  phenols  is  the  conversion  of  o-nitro- 
phenol  to  o-nitroanisole  by  the  action  of  methyl  sulfate. 


0-NO2C6H4OH  T  (0143)2804  Na2C03 


0-NO2C6H4OCH3  -T  CH30S03Na  T  NaHCOs 


By  condensation  of  sodium  phenoxide  with  ethylene  bromide  in  suitable 
proportions,  /3-bromoethyl  phenyl  ether  can  be  made  (OS  I,  436;  56% 
yield).  y-Bromopropvl  phenyl  ether  is  made  in  a  similar  way  from  tri¬ 
methylene  bromide  (OS  I,  435;  85%  yield). 

o-Nitrophenol  and  n-butyl  bromide,  when  heated  in  the  presence  of 
potassium  carbonate,  afford  an  80%  yield  of  n-butyl  o-nitrophenyl 
ether  (OS  25,  9). 


V* 


OH 

NOs 


+  C4H9Br  +  K2CO3 


V 


oc4h9 

NO, 


+  KBr  +  KHCO3 


Activated  aryl  halides  (p.  282)  may  be  employed  also.  Thus  p-nitro- 
phenyl  phenyl  ether  is  made  by  heating  p-chloronitrobenzene  with 
phenol  and  potassium  hydroxide.  The  reaction  is  carried  out  without 
solvent  and  in  the  presence  of  copper  as  a  catalyst  (OS  II,  445,  82% 
yield). 


NO< 


>C1  +  C6H5OH  +  KOH 


N°0C^  +  KC1  +  H2° 


Even  bromobenzene  can  be  used  in  the  presence  of  copper  powdei. 
When  it  is  heated  with  the  anhydrous  potassium  salt  of  guaiacol,  2- 
methoxyphenyl  phenyl  ether  is  produced  in  a  yield  of  60%  (OS  26,  50). 


\oK  +  C6H5Br 


>OC6H5  +  KBr 


OCH3  0CH3 

This  type  of  reaction  is  successful  also  with  1,1-dihalogen  and  1,1,1- 
trihalogen  compounds,  affording  methods  of  making  acetals  and  ortho 
esters,  respectively.  Thus,  ethyl  orthoformate  is  produced  m  a  45 /0 
yield  by  heating  chloroform  with  sodium  ethoxide  (OS  1,  258). 

CHCI3  +  3C2H5ONa  - ♦  CH(OC2H5)3  +  3NaCl 

The  Williamson  method  is  of  use  also  in  the  formation  of  cyclic  ethers. 
The  transformation  of  chlorohydrins  into  the  corresponding  epoxides 
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may  be  regarded  as  a  special  case  of  this  type  of  reaction.  Examples  aie 
the  synthesis  of  cyclohexene  oxide  (OS  I,  185;  73%  yield),  and  of 
epihalohydrins  (OS  I,  233;  II,  256). 

Dehydrochlorination  of  chlorohydrins  may  take  place  between  two 
molecules,  producing  a  cyclic  diether.  Ethylene  chlorohydrin,  for 
example,  yields  dioxane  as  a  by-product  when  treated  with  alkali. 


OH  Cl 
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/ 

ch2 

ch2 


CH 

CHs 


2  NaOH 


/ 

ch2 

ch2 


Cl  HO 
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Esters  from  Salts 

Many  esters  are  difficult  to  make  by  direct  esterification,  and  other 
methods  must  be  sought.  Sometimes  it  is  necessary  to  use  a  salt  of  the 
acid  and  an  alkylating  agent  such  as  an  alkyl  halide  or  sulfate.  For 
example,  methyl  2,4,6-trihydroxybenzoate  is  made  from  the  silver  salt 
of  the  acid  and  methyl  iodide.20 


OH 


OH 


HO< 


>C02Ag  +  CH3I  - ►  HO< 


OH 


>C02CH3  +  Agl 


OH 


Acetonyl  formate  is  produced  by  the  interaction  of  bromoacetone  and 
potassium  formate  (OS  II,  5). 

CH3COCH2Br  +  HC02K  - ►  CH3COCH2OCHO  +  KBr 

Another  procedure  for  the  preparation  of  esters  involves  the  pyrolysis 

of  the  tetramethylammonium  salt.  Methyl  mesitoate,  for  example 
can  be  made  m  this  way.21 

C9HuC02-[N(CH3)4]+  — 4  C9HuC02CH3  +  (CH3)3N 


Formation  of  Sulfides  and  Disulfides 

Alkyl  halides  react  with  mercaptides  to  form  thio  ethers. 

RX  +  NaSR - ►  R-S-R  +  NaX 

"  Herzig  and  Wenzel,  Ber.,  32,  3541  (1899). 

•aeon,  Corse,  and  Horning,  J.  Am.  Chem.  Soc.,  61,  1290  (1939). 
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The  reaction  is  analogous  to  the  Williamson  ether  synthesis  but  occurs 
much  more  readily.  Polyhalogen  compounds  such  as  methylene  chlo¬ 
ride,  chloroform,  and  ethylene  bromide  react  normally,  undergoing 
complete  replacement  of  the  halogens. 

If  the  desired  sulfide  is  symmetrical,  the  synthesis  can  be  effected  by 
treating  the  halide  with  sodium  or  potassium  sulfide.  An  example  is 
encountered  in  the  synthesis  of  thiodigly colic  acid  from  chloroacetic 
acid,  the  reaction  involving  the  sodium  salts. 

/CH2C02Na 

2ClCH2C02Na  +  Na2S  - y  S  -f  2NaCl 

xCH2C02Na 


The  preparation  of  n-propyl  sulfide  from  n-propyl  bromide  is  similar 
(OS  II,  547;  85%  yield).  Thiodiglycol  is  produced  in  an  86%  yield  in 
this  way  from  ethylene  chlorohydrin  (OS  II,  576). 

2H0CH2CH2C1  +  Na2S  - ►  HOCH2CH2SCH2CH2OH  +  2NaCl 


Aryl  halides  such  as  p-chloronitrobenzene  and  2,4-dinitrochloro- 
benzene  are  sufficiently  active  to  give  sulfides  by  this  method.  p-Nitro- 
phenyl  sulfide,  for  example,  can  be  made  by  treating  p-nitrochloro- 
benzene  with  sodium  sulfide  in  ethylene  glycol.22  A  better  method, 
however,  employs  potassium  ethyl  xanthate  (OS  28,  82;  82%  yield). 

S 

2nq2<Z>ci  ks":o(^  noOO^ 

When  sodium  disulfide  is  used  with  reactive  halides,  symmetrical 
dialkyl  disulfides  are  produced. 

2RX  +  Na2S2  - >  RSSR  +  2NaX 


An  example  is  the  synthesis  of  di-o-nitrophenyl  disulfide  from  o-chloro- 
nitrobenzene  (OS  I,  220;  66%  yield). 

N02  N02  no2 

rAci  rAssA 


-R  Na2S2 


V 


V 


+  2NaCl 


V 


A  similar  result  may  be  achieved  by  the  use  of  sodium  thiosulfate. 


heat 


2RX  +  Na2S203  - *  2RSS03Na 

2  Fuson  and  Melamed,  J.  Org.  Chem.,  13,  090  (1948) 


RSSR  +  S02  +  Na2S04 
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Sodium  disulfide  acts  upon  acid  chlorides  to  give  diacyl  disulfides. 
2RCOC1  +  Na2S2  - ►  RCOSSCOR  +  2NaCl 


Formation  of  Peroxides 

Salts  of  hydrogen  peroxide  behave  very  much  like  alkali  disulfides 
toward  alkyl  and  acyl  halides,  yielding  alkyl  and  acyl  peroxides,  respec¬ 
tively.  p-Nitrobenzoyl  chloride,  for  example,  reacts  with  sodium 
peroxide  to  yield  p-nitrobenzoyl  peroxide  (OS  23,  65;  88%  yield). 


2NQ2<^ %OCl  +  Na20: 


+  2NaCl 


Nitrile  Formation 


The  displacement  of  a  halogen  atom  by  a  cyano  group  is  one  of  the 
most  useful  reactions  of  halogen  compounds.  It  not  only  provides  a 
very  important  method  of  synthesis  of  nitriles  but  at  the  same  time 
opens  a  route  to  the  carboxylic  acids  having  one  carbon  atom  more 
than  the  original  halide.  It  is  thus  a  method  of  lengthening  carbon 
chains.  Furthermore,  it  is  applicable  to  a  wide  variety  of  halogen 
compounds. 

An  example  of  this  type  of  transformation  is  the  formation  of  n- 
valeronitrile  from  n-butyl  bromide.23 

CH3CH2CH2CH2Br  +  NaCN  - >  CH3CH2CH2CH2CN  +  NaBr 

The  product  is  contaminated  with  about  1%  of  the  corresponding 
isonitrile,  readily  detected  by  its  intense  odor. 

In  practice  this  reaction  affords  a  way  of  making  the  nitriles  of  the 
acids  having  an  odd  number  of  carbon  atoms  from  normal  alkyl  bromides 
with  an  even  number  of  carbon  atoms,  derivable  from  naturally  occurring 

fatty  acids.  From  n-dodecyl  bromide,  for  example,  the  nitrile  of  n- 
tridecanoic  acid  is  produced  (OS  II,  292). 


n-Ci2H25Br  +  KCN 


n-Ci2H25CN  -f~  KBr 


The  reaction  is  especially  valuable  for  benzyl  chloride  and  similar 
compounds.  Many  such  halides  are  obtained  conveniently  by  chloro- 

1 0?1 90(7°n '  M l32 1  i-i anfl  ai'e  V6ry  reactive'  phenylacetonitrile  (OS  I, 
l  ’  90  °  yeW)  and  mesitylacetonitrile  (OS  25,  66;  93%  yield)  are 
examples  of  nitriles  readily  made  from  such  chlorides. 

23  Adams  and  Marvel,  J.  Am.  Chem.  Soc.,  42,  310  (1920). 


128 


HALOGEN  COMPOUNDS 


Halogens  that  are  situated  near  an  oxygen-containing  functional 
group  react  also.  Chloroacetic  acid  and  co-bromoacetophenone  ,yield 
cyanoacetic  acid  (OS  I,  181,  254)  and  benzoylacetonitrile,  respectively. 

/3-Hydroxy  and  alkoxy  groups  do  not  interfere.  Ethylene  chlorohydrin 
and  the  ethyl  ether  of  ethylene  bromohydrin  yield,  respectively,  ethylene 
cyanohydrin  (OS  I,  256;  80%  jdeld)  and  its  ethyl  ether,  /3-ethoxy- 
propionitrile  (OS  23,  33;  58%  yield). 

H0CH2CH2C1  +  NaCN  - >  HOCH2CH2CN  +  NaCl 

C2H5OCH2CH2Br  +  NaCN  - ►  C2H5OCH2CH2CN  +  NaBr 

Ethylene  bromide  and  trimethylene  bromide  give  succinonitrile  and 
glutaronitrile  (OS  I,  536;  86%  yield),  respectively.  It  is  noteworthy 
that  trimethylene  chlorobromide,  because  of  the  difference  in  reactivity 
of  the  two  halogen  atoms,  can  be  converted  to  y-chlorobutyronitrile 
in  a  70%  yield  (OS  I,  156). 


ClCH2CH2CH2Br  +  KCN  - >  C1CH2CH2CH2CN  +  KBr 

Adiponitrile,  used  in  the  manufacture  of  nylon,  can  be  made  from 
tetrahydrofuran  by  way  of  1,4-dichlorobutane.24 

HA  C1CH2CH2CH2CH2C1  A1A  CH2CH2CN 


o 


ch2ch2cn 


The  tetrahydrofuran  is  obtained  from  furfural  by  catalytic  elimination 
of  carbon  monoxide  followed  by  hydrogenation. 


\  / 

O 


CHO 


-CO 

400° 


\  / 

o 


2H2 

Ni 


\  / 
o 


Pimelonitrile  likewise  may  be  produced  from  furfural  bY  ™y  of 
pentamethylene  chloride,  derived  from  pentamethylene  glycol  (p.  257). 

HO(CH2)5OH  - ¥  C1(CH2)5C1  - ¥  NC(CH2)5CN 

It  is  to  be  emphasized  that  replacement  of  halogens  by  cyano  in  this 
way  is  useful  only  with  primary  halides;  secondary  and  tertiary  hata^ 
usually  yield  dehydrohalogenation  products.  Low  yie  l  h 
have  been  reported  from  sec-amyl  chloride  and  cyclopentyl  bromide 

<CM,m  hatogen  compounds  th.t  arc  too  *n,Wv.  to  b.  h»ted  » ith 
alkali  cyaiddes  may  be  converted  to  th.  «..d,n!  m.r.lc.  by  use 

24  Cass,  Ind.  Eng.  Chem.,  40,  216  (1948). 
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of  cuprous  cyanide.  Allyl  bromide,  for  example,  gives  ally  1  cyanide 
(OS  I,  46;  84%  yield)  with  this  reagent,  whereas  with  sodium  cyanide  the 
product  is  crotononitrile.  When  the  method  is  applied  to  crotyl  or 
methylvinylcarbinyl  halides,  the  product  in  either  case  consists  of  92% 
of  3-pentenonitrile  and  8%  of  2-methyl-3-butenonitrile.  This  is  a 
typical  allylic  shift  (p.  99). 

a-Halo  ethers  can  also  be  used  successfully  with  cuprous  cyanide. 
a-l,3-DichloroisopropoxypropionitriIe,  for  example,  can  be  made  from 
glycerol  a,7-dichlorohydrin  in  this  way. 


CH2C1 

I 

CHOH 


CHaCHO 


HC1 


CH2C1 
■>  CHOCH 


/ 


Cl 


XCH, 


CH2C1 
I1  /CN 

4  CHOCH 

II  nch3 

ch2ci 


ch2ci  ch2ci 

Acid  halides,  in  like  manner,  furnish  a-ketonitriles.  Benzoyl  chloride, 
for  example,  affords  a  65%  yield  of  benzoyl  cyanide  (OS  24,  14).  It  has 
been  repoi  ted  that  in  the  aliphatic  series  the  acid  bromides  are  superior 
to  the  chlorides,  good  yields  being  obtained  from  acetyl,  propionyl, 
isobutyryl,  and  similar  bromides. 

The  Rosenmund-von  Braun  Nitrile  Synthesis.  Aromatic  halides  can 
be  converted  to  the  corresponding  nitriles  by  treatment  with  cuprous 
cyanide.  1-Naphthonitrile,  for  example,  is  formed  in  a  90%  yield  from 
either  the  chloride  or  bromide  in  the  presence  of  pyridine  (OS  21,  89) 

S\/\  /\/\ 


+  CuCN 


w 

X 


+  CuX 


CN 


This  reaction,  discovered  long  ago,  has  come  to  be  known  as  the  Rosen- 

onlv  atm!?11?  (°R  42’  189)'  11  proceeds  satisfactorily 

only  at  relatively  high  temperatures  and  is  autocatalytic.25  Another 

example  is  the  conversion  of  9-bromophenanthrene  “to  9-cyanonhe 
nanthrene  (OS  28,  34;  87%  yield).  cyanophe- 

The  Rosenmund-von  Braun  reaction  is  not  limited  to  simple  arvl 

ides,  as  is  shown  by  the  preparation  of  p-cyanobenzoic  acid  fr  Y 
p-bromobenzoic  acid  (CR  42,  208).  J  acid  1 


om 


C02H 

A 


V 

Br 


C02H 


V 

CN 


!l  Koelsch  and  Whitney,  J.  Org.  Chem.,  6,  795  (1941). 
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Likewise,  3-bromopyridine  is  converted  to  nicotinonitrile  by  this  pro¬ 
cedure. 

/^Br  /SCN 

- > 


\  V 

N 


\  '/ 

N 


The  Grignard  Reaction 

One  of  the  most  useful  reactions  of  halogen  compounds  is  that  with 
magnesium  to  form  Grignard  reagents.  Methyl  iodide,  in  spite  of  its 
relatively  high  cost,  is  commonly  used  because  it  is  the  only  methyl 
halide  which  is  liquid  at  ordinary  temperatures.  Methyl  bromide  and 
methyl  chloride  (OS  27,  65)  afford  high  yields,  however.  Bromides 
usually  are  more  reactive  than  the  chlorides  and  give  better  yields  than 
the  iodides.  The  chlorides  are  to  be  preferred  because  of  their  relatively 
low  cost.  In  some  cases  they  afford  more  satisfactory  results.  Examples 
are  the  very  reactive  chlorides  such  as  Lbutyl  (OS  I,  524),  £-amyl,  and 
benzyl  (OS  II,  47;  OS  I,  471).  Low-molecular-weight  secondary  chlo¬ 
rides  such  as  sec-butyl  (OS  I,  361)  and  cyclohexyl  are  often  used.  Cyclo- 
hexyl  chloride  and  bromide  afford  high  yields  (OS  I,  186,  188).  Satis¬ 
factory  yields  are  obtained  also  with  primary  chlorides  such  as  n-butyl 
(OS  I,  363)  and  n-amyl.  Usually,  however,  bromides  are  to  be  preferred 
(OS  I,  306;  OS  II,  179,  406,  478,  602).  In  the  aromatic  series  the 

bromides  are  nearly  always  preferable  (OS  I,  226,  550,  551). 

AHyl  and  methallyl  halides  are  too  reactive  to  be  converted  to  On- 
gnard  reagents  by  the  usual  procedure;  they  yield  coupling  products 
instead.  Allyl  chloride,  for  example,  gives  a  65%  yield  of  biallv 
27  7)  This  difficulty  has  been  surmounted  by  slow  addition  of  a  dilute 
ether  solution  of  allyl  bromide  to  a  large  excess  of  magnesium  powder. 
Under  these  conditions  allylmagnesium  bromide  can  be  made  in  90% 

similar  result  may  be  achieved,  however,  by  the  usual  procedure 
if  the  rate  of  addition  of  the  halide  is  sufficiently  slow.  Allylmagnesium 
ffioride  is  produced,  for  example,  when  an  ether  solution  of  ally  chlo 
vie  is  dropped  slowly  into  a  mixture  of  magnesium  turnings  and  ether 
.d  Wh  temperatures  with  vigorous  agitation.  Allylmagnesium 
SiTCi,  «  suspensions  o,  ,.«.»•  in 
can  be  employed  successfully  in  reactions. 

M  Gilman  and  McGlumphy  Bull ,oc.  ^ 

»  Kharasch  and  Fuchs,  J.  Org.  Chem.,  9,  3oJ  (U«h 


THE  GRIGNARD  REACTION 


131 


There  are  a  few  halides,  on  the  other  hand,  that  are  not  readily 
attacked  by  magnesium.  Conspicuous  among  them  are  the  aryl  chlo¬ 
rides,  which  react  so  sluggishly  that  specially  activated  magnesium  and 
extended  reaction  periods  are  required.  Curiously,  phenylmagnesium 
chloride  is  the  only  Grignard  reagent  that  has  been  prepared  on  a 
commercial  scale. 

A  few  aryl  bromides  likewise  require  special  technic.  An  example  is 
bromomesitylene,  which  reacts  slowly  and  often  requires  a  catalyst 
(OS  II,  360;  21,  77).  An  effective  catalyst  is  prepared  by  heating 
magnesium,  containing  12%  copper,  with  iodine  (OS  II,  361).  Penta- 
methylphenyl  bromide  has  been  converted  to  the  corresponding  Grignard 
reagent  only  by  the  entrainment  method.  The  procedure  is  to  add  a  very 
reactive  halide  such  as  ethyl  bromide  to  the  reaction  mixture.  The 
relatively  rapid  formation  of  ethylmagnesium  bromide  serves  to  promote 
the  reaction  of  the  aryl  bromide  with  the  metal,  possibly  by  keeping  the 
surface  clean. 

Magnesium,  like  zinc  (p.  141),  converts  1,2-dihalogen  compounds  to 
the  corresponding  olefins;  1,2-dibromopropane  reacts  with  magnesium 
to  yield  propylene.  1,4-Dibromobutane,  however,  forms  a  Grignard 
reagent:  BrMg(CH2)4MgBr.  A  similar  behavior  has  been  reported  for 
several  other  polymethylene  bromides. 

The  difference  in  reactivity  of  chlorine  and  bromine  on  the  benzene 
ring  is  illustrated  by  the  facile  formation  of  p-chlorophenylmagnesium 
bromide.  p-Dibromobenzene  has  been  converted  to  the  mono-  and 
dibromomagnesium  derivatives.28 


Br 


V 

Br 


MgBr 


+  Mg 


+  Mg 


Br 


MgBr 


MgBr 


Similar  results  have  been  obtained  with  3,3'-dibromobiphenyl.29 

/3-Halo  ethers  react  with  magnesium,  but  few  of  the  corresponding 

Grignard  reagents  have  been  detected;  the  reaction  yields  instead  an 
olehn  and  alkoxide  or  phenoxide  (p.  144). 

Grignard  reagents  are  ordinarily  made  in  ethyl  ether,  although  many 
o  er  ethers  and  a  few  amines  have  been  employed  as  solvents.  Amom- 
the  most  interesting  solvents  for  Grignard  reagents  are  the  dioxanes 
"  lch  prcclpltate  the  halogen-containing  components  (RMgX  and 

28  von  Braun,  Irmisch,  and  Nelles,  Ber.,  66,  1471  (19331 
”  Snyder'  Weaver.  and  Marshall,  J.  Am.  Chem.  Soc  ,  71.  289  (1949). 
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MgX2)  of  Grignard  solutions.  It  should  be  pointed  out  that  in  Grignard 
reagents  RMgX  is  in  equilibrium  with  R2Mg  and  MgX2.30 

2RMgX  ;=t  R2Mg'+  MgX2 


Both  1,4-  and  1,3-dioxane  have  this  property.  4-Methyl-l,3-dioxane, 
on  the  other  hand,  is  a  satisfactory  solvent  in  the  preparation  of  Grignard 
reagents.31  Some  Grignard  reagents  are  troublesome  to  use  because 
they  are  not  very  soluble  in  ether.  Allylmagnesium  chloride  has  been 
mentioned  (p.  130).  1-Naphthylmagnesium  bromide  is  another  example 
(OS  II,  282,  425). 

Many  organometallic  compounds,  other  than  Grignard  reagents,  are 
prepared  by  the  action  of  metals  on  organic  halides.  Among  the  most 
important  of  these  are  the  dialkylzincs,  which  played  an  extremely 
important  role  in  organic  chemistry  before  the  discovery  of  the  Grignard 
reagent  and  which  continue  to  find  use.  Diisopropylzinc,  for  example, 
is  made  in  good  yield  by  the  interaction  of  zinc  and  a  mixture  of  isoprop}  1 
bromide  and  isopropyl  iodide. 


2C3H7Br  +  2C3H7I  +  4Zn  =  2(C3H7)2Zn  +  ZnBr2  +  Znl2 

Diethylzinc  is  produced  in  an  analogous  way  (OS  II,  184;  84%  yield). 
Organozinc  compounds  are  important  also  as  intermediates  in  the 

Reformatsky  reaction  (p.  165). 

Another  very  valuable  group  of  organometallic  compounds,  prepared 
from  organic  halides,  is  composed  of  the  organolithium  derivatives. 
They  may  be  produced  in  much  the  same  way  as  Grignard  reagents. 
Thus  n-butyllithium  is  formed  in  yields  as  high  as  90%  ^treatment 
of  n-butyl  bromide  with  lithium  in  ethyl  ether  at  about  -10  .  Many 
halogen  compounds  which  do  not  form  Grignard  reagents  satisfactorily 
afford  high  yields  of  lithium  derivatives  (Gilman  I,  524).  An  example 
is  p-dimethylaminobromobenzene. 


(CH3)2N< 


>Br  +  2Li 


(CH3)2N< 


\Li  +  LiBr 


Perhaps  the  most  valuable  aryl  lithium  compound  is  phenyllithium, 
prepared  by  the  action  of  lithium  on  bromobenzene. 

C0H5Br  +  2Li  - >  C6H5Li  +  LiBr 

»  See  Noller  and  Raney.  /.  Am.  Chen, 

:  ^  » /.  ^ ** «. 

(1949). 
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Diphenyl  mercury,  illustrative  of  the  organomercury  compounds,  can 
be  produced  hy  the  action  of  sodium  amalgam  on  bromobenzene  (OS  I, 
228;  37%  yield). 

Triphenylmethylsodium  can  be  prepared  by  the  action  ol  sodium 
amalgam  on  triphenylmethyl  chloride  (OS  II,  607). 


Halogen-Metal  Interconversion 

When  p-bromochlorobenzene  is  treated  with  w-butyllithium,  the 
bromine  and  lithium  atoms  exchange  places.33 

Cl  Cl 


+  C4H9Li 


Br 


+  C4H9Br 


V 

Li 


a-Bromonaphthalene  and  propyllithium  react  similarly  (Gilman  I, 
538). 

/\/\  /\/\ 


+  CH3CH2CH2Li  - > 


+  CH3CH2CH2Br 


Br 


Li 


This  type  of  interchange  is  particularly  valuable  because  it  occurs 
with  bromo  compounds  that  contain  hydroxyl,  amino,  carboxyl,  and 
other  groups  which  destroy  Grignard  reagents.  Thus,  o-bromophenol 
can  be  com  cited  to  salicylic  acid  in  good  yield  by  the  following  sequence 
of  reactions. 


c»iA 

OH  l  JoLi 


\/ 


Li  C02 


\/ 


C02Li  H+ 
OLi 


C02H 

OH 


Interchange  has  been  observed  with  other  halogens  and  other  metals 
but  its  usefulness  is  due  chiefly  to  the  interchange  of  lithium  and  bromine! 


The  Wurtz  Reaction 

'  ery  refctn„e  metals  such  as  sodium  react  with  alkyl  halides  in  such 
a  « ay  as  to  effect  coupling  of  two  alkyl  groups.  For  example,  sodium 
torn ei ts  /i-butyl  bromide  to  ?z-octane. 

2C4H9Br  +  2Na  - >  C4H9-C4H9  +  2NaBr 

Oilman,  Langham,  and  Moore,  J.  Am.  Chem.  Soc.,  62,  2327  (1940). 


1 halogen  compounds 

This  t}  pe  of  transformation,  known  as  the  Wurtz  reaction,  is  presumed 
to  involve  the  intermediate  formation  of  an  alkyl  sodium  (CR  35,  1). 

RX  +  2Na  - ¥  RNa  +  NaX 

RNa  +  RX  - ¥  R-R  +  NaX 

Support  for  this  mechanism  is  seen  in  the  observation  that  isovaleric  acid 
can  be  obtained  by  the  action  of  carbon  dioxide  on  a  reaction  mixture 
of  sodium  and  isobutyl  bromide  (Gilman  I,  540). 

An  alternative  explanation  postulates  the  formation  of  free  radicals. 

RX  +  Na  - ¥  R-  +  NaX 

2R-  - ¥  R-R 

This  type  of  mechanism  is  known  to  be  correct  for  the  formation  of 
hexaphenylethane  from  triphenylmethyl  chloride  and  silver. 

(C6H5)3CC1  +  Ag  - ¥  (C6H5)3C.  +  AgCl 

2(C6H5)3C-  - >  (C6H5)3C-C(CgH5)3 

Similarly,  it  seems  certain  that  free  diphenylmethyl  radicals  are  formed 
as  intermediates  in  the  conversion  of  diphenylbromomethane  to  tetra- 
phenylethane  by  treatment  with  mercury.  Evidence  for  this  view  is  to 
be  found  in  the  following  experiment.  If  the  reaction  mixture  of  di¬ 
phenylbromomethane  and  mercury  contains  an  equivalent  amount  of 
triphenylmethyl,  the  principal  product  is  pentaphenylethane,  the 
diphenylmethyl  radicals  being  captured  by  the  triphenylmethyl  radicals 
as  soon  as  they  are  formed  (Gilman  I,  622). 

(C6H5)2CHBr  +  Hg  - ►  (C6H5)2CH.  -f  HgBr 

(C6H5)2CH--+  (C6H5)3C-  - >  (C6H5)2CHC(C6H5)3 

The  Wurtz  type  of  reaction  can  be  used  for  the  closure  of  cycloparaffin 
rings  if  the  alkyl  halide  is  replaced  by  a  suitably  constituted  polymeth¬ 
ylene  halide.  Cyclopropane  was  first  made  by  Freund  in  1881  by  this 
method.  In  1887  Gustavson  discovered  that  zinc  in  the  presence  of  a 
protonic  solvent  was  much  more  effective. 

/CH2Br  /CH2 

CFG  +  Zn  - y  CFG  |  -f  ZnBr2 

X!H2Br  xCH2 

The  commercial  method  involves  treatment  of  trimethylene  chloride 
with  zinc  in  the  presence  of  sodium  iodide  and  sodium  carbonate.31 

m  Hass,  McBee,  Hinds,  and  Gluesenkanip,  Ind.  Eng.  C'hem.,  28,  117S  (193b). 
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In  this  connection  it  is  noteworthy  that  a  similar  treatment  converts 
pentaerythrityl  bromide  to  spiropentane.35 

BrCH2\  /CH2Br  CH2x  /CH2 

C  +  2Zn  - >  |  C  |  +  2ZnBr2 

BrCH2/  xCH2Br  C H/  XCH2 


1,1-Dimethylcyclopropane,  1,1-diethylcyclopropane,  and  1-ethyl- 1-n- 
butylcyclopropane  have  been  made  in  a  similar  way.36 

A  method  of  synthesis  of  alkyl  cyclopropyl  ethers  likewise  involves  this 
type  of  closure.37 

/CH2Br  /CH2 

ROCH  +  Mg  - ►  ROCH  |  ~  +  MgBr2 

xCH2Br  xCHo 


An  especially  interesting  procedure  for  preparing  the  ethers  of  glycerol 
a,7-dibromohydrin  consists  in  the  synthesis  of  a  chloromethyl  ether, 
which  is  then  subjected  to  differential  alkylation  by  the  Grignard  re¬ 
agent. 


CH2Br  CH2Br 

CHOH  CHOCH2Cl 

I  HCI  | 

CH2Br  CH2Br 


RMgX 

- ► 


CH2Br 

CHOCH2R 

CH2Br 


One  of  the  most  remarkable  closures  of  the  cyclopropane  ring  occurs 
when  neoalkyl  halides  are  treated  with  sodium  or  an  alkyl  sodium. 
An  explanation  of  this  unusual  dehydrohalogenation  has  been  advanced 
which  assumes  that  the  free  radical  formed  initially  undergoes  dispro¬ 
portionation  to  yield  a  1  3-biradical;  intramolecular  coupling  produces 
the  cyclopropane  derivative.38 


CH3X  /CH, 
2  C 


CH3\  xCH3  CH3x  /CH2 
C  +  C 


CH3x  CII3  CII/  '  CH:i  CH/  xCII2  • 


CH3x  /CII2 

c 

XCH, 


CH3 


CH3x  /CH2 

c  I 

ch3x  ndh. 


i“yXropane °btained  ^  chloride,  which  yields 

^ Soc"  67, 332  (1945): 

"  Krantz,  Carr'Kormln  ^d  Evans’  ^  i”'  70>  946  0948). 

43  Whitmore,  Popkin,  Bernstein  and  WifktsT  l  r,  69’  207  0940). 

••Condon  and  Smith,  /.  d,„.  c'kem  Sol 0947) ^  “•  124  <194»- 
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/CH2C1  _nci  /CH2 

ch3ch  - ►  CH3CH  I 

xch3  xch2 


The  Fittig  Reaction 

The  Wurtz  reaction  was  used  by  Fittig  to  couple  two  aromatic  radicals, 
but  the  yields  were  always  low.  For  example,  the  amount  of  biphenyl 
obtained  from  bromobenzene  was  only  5%  of  the  theoretical.  Although 
of  extremely  limited  synthetic  value,  this  reaction  has  aroused  much 
interest  because  of  the  nature  of  the  by-products  that  are  isolated. 

A  very  careful  study  of  the  products  obtained  by  the  action  of  sodium 
on  chlorobenzene  revealed  the  presence  of  benzene,  biphenyl,  o-ter- 
phenyl,  p-terphenyl,  triphenylene,  and  2,2'-diphenylbiphenyl. 


/NC6H5 


CoHs* 


CgH5 


o-Terphenyl  p-Terphenyl 


A 

\A/s, 


A/v 


Triphenylene 


2,2'-Diphenylbiphenyl 


It  has  been  assumed  that  free  radicals  form,  subsequently  undergoing 
association  to  biphenyl  and  disproportionation  to  benzene  and  pheny  cn 
radicals.  Combination  of  the  radicals  accounts  for  the  formation  of 

2  — £22  2;  ,1,. ....  —<.  ™ 

in  toluene,  the  formation  of  biphenyl  was  entirely  suppressed,  a  large 
nmount  of  benzene  being  formed  along  with  4-methylbiphenyl  and 
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biphenylene.  This  interesting  hydrocarbon  has  been  produced  by  the 
following  sequence  of  changes.40 


/V 


/\ 


hno2 

Cu20 


nh2  h2n' 


gx _ 

\/ — \G 


/\ 

f\ 

V 

The  proof  of  structure  consists  in  oxidation  to  phthalic  acid. 


The  Wurtz-Fittig  Reaction 

Although  the  Fittig  method  is  not  satisfactory  for  coupling  two 
aromatic  radicals,  it  is  useful  in  joining  an  aromatic  radical  to  an  alkyl 
radical.  For  example,  when  a  mixture  of  equimolecular  amounts  of 
n-butyl  bromide  and  bromobenzene  is  treated  with  sodium,  n-butyl- 
benzene  is  formed  in  a  70%  yield  (OS  25,  11).  This  transformation, 
known  as  the  Wurtz-Fittig  reaction,  affords  satisfactory  yields  only 
when  bromides  are  involved. 


The  Ullmann  Method 


Many  biphenyl  derivatives  are  most  conveniently  made  by  means  of 
Ullmann’s  method,  which  involves  the  treatment  of  halobenzenes  with 
copper  powder  (CR  38,  139).  The  synthesis  of  o-bitolyl  is  an  example. 
It  can  be  produced  in  a  63%  yield  from  o-iodotoluene. 


CIT 


+  2Cu 


ch3  ch3 

+  2CuI 


The  halogen  atom  must  be  active,  which  is  the  reason  iodo  compounds 
are  commonly  employed.  Good  results  can  be  obtained  also  with  acti- 

eTy  ,LuT,STr,*"?  1  r„cl,l™ilr»be"“”.  in*  M. . 

01 /o  oi  2,2 -dimtrobiphenyl  (OS  20,  45). 

x — ^°2  NO,  N02 

O1 + 2c“  — *  oo + 

iw  j  Am ■  a"‘  **•  "a  (™‘i:  1.  A„.  a,,.,  V,  ,4- 
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p-Quaterphenyl  has  been  synthesized  by  applying  Ullmann’s  pro¬ 
cedure  to  4-iodobiphenyl. 


mQl  +  2Cu 


>000 + 2M 


Similarly,  2,2'-diphenylbiphenyl  is  formed  in  a  72%  yield  from  2- 
iodobiphenyl. 

y\/\ 


2  l  + 2Cu 


w 


+  2CuI 


V  \_// 


W 


Treatment  of  ethyl  4-iodo-3-nitrobenzoate  with  copper  bronze  in  nitro¬ 
benzene  affords  a  69%  yield  of  ethyl  2,2'-dinitro-4,4'-biphenyldicarboxyl- 

ate.41 


co2c2h5 


-(-  2Cu 


^/n°2 

I 


co2c2h5 


S/NOs 

I 

/\no- 


+  2CuI 


V 

co2c2h5 


The  Ullmann  method  has  been  used  also  in  the  synthesis  of  2, 2', 4,4',- 

6,6'-hexachloro-3,3'-dimethylbiphenyl.42 


2C1< 


p,  Cl  Cl 

>1  +  2Cu  — f  C1<^><Z>C1  +  2CuI 

- 7<i  rn  C'TT 


h3c  Cl 


H3C  Cl  Cl  ch3 


symmetrical  biaryls 
edure.  When  a  mixture  of  equal  amount 

«  Searle  and  Adams,  /.  Am.  Chem.  Soc  65  1649  (1933) 
«  White  and  Adams,  J.  Am.  Chem.  Soc.,  64,  2104  U* 
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is  treated  with  copper,  it  is  to  be  expected  that  the  desired  unsymmetrical 
biaryl  will  be  accompanied  by  two  symmetrical  biaryls. 

ArX  +  Ar'X  - ►  Ar-Ar  +  ArAr'  +  Ar'Ar' 

In  fact,  the  yields  of  unsymmetrical  biaryls  in  such  couplings  are  gen¬ 
erally  not  high.  For  example,  compounds  I  and  II  afford  only  a  20% 
yield  of  III. 

C02CH3  N02  CO2CH3  N02 

<3Br  <3— 

1  11  hi 

Since  the  iodine  atom  is  very  much  more  reactive  than  the  bromine 
atom,  a  much  higher  yield  (68%)  results  if  la  and  Ila  are  employed. 

CO2CH3  N02 

Br^ 

la  Ila 

The  reason  for  the  improved  yield  lies  in  the  fact  that  the  nitro  group  is  a 
more  effective  activating  group  than  the  carbomethoxy  group,  offsetting 
the  fact  that  an  iodide  is  more  reactive  than  a  bromide.  Compounds 
la  and  Ila  evidently  react  at  nearly  the  same  rate. 

Cases  are  known  in  which  the  unsymmetrical  biaryl  is  the  only 
product  obtained.  Picryl  chloride  and  iodobenzene  yield  only  2,4,6- 
trinitrobiphenyl.43 

N02 

0*N<O>ci + 1((  ^ + 2c“  — > 

N02 

N02 

°2N<zy<  ^ + Cui + cud 

no2 

The  Ullmann  method  has  been  extended  to  the  polyphenyls.  When 
a  mixture  of  4-iodobiphenyl  and  4,4'-diiodobiphenyl  was  treated  with 
copper  powder  at  250-275°,  p-sexiphenyl  was  formed  in  a  yield  of  25%  44 

°*o + >QO + o* + «■  — 

+ 4c“i 

**  Rule  and  Smith,  J.  Chem.  Soc.f  1096  (1937). 

44Pummerer  and  Seligsberger,  Ber.,  64,  2477  (1931) 
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The  same  result  has  been  obtained  by  treating  p-iodoterphenyl  with 
copper  bronze. 

Intramolecular  condensations  have  been  effected  also  (CR  38,  139). 
1,8-Diiodonaphthalene,  for  example,  yields  perylene. 


Similarly  2,2'-diiodo-5,5'-dimethoxybibenzyl  can  be  converted  to  the 
corresponding  dimethoxydihydrophenanthrene. 


CH2-CH2 

/  \ 


ch3o< 


> 


I< 


^>OCHc 


ch2-ch2 


ch3o< 


/ 


\oCH; 


Dehalogenation 

Dehalogenation  may  be  accomplished  by  the  use  ol  metals  or  such 
reducing  agents  as  hydrogen  iodide,  zinc  and  acids,  stannous  chlor idc, 
and  sodium  arsenite.  For  example,  cetyl  iodide  is  converted  to  n-hexa- 
decane  in  an  85%  yield  by  the  action  of  zinc  and  hydrochloric  acid 

(OS  II,  320). 

CH3(CH2)i4CH2I  - >  CH3(CH2)14CH3 

The  conversion  of  benzilic  acid  to  diphenylacetic  acid  by  the  action 
of  phosphorus  and  iodine  (OS  I,  224;  97%  yield)  presumably  involves 
intermediate  formation  of  the  iodo  derivative. 

(C6H5)2CC02H  - ►  (C6H5)2CC02H  - ►  (C6H5)2CHC02H 

OH  1 

Bromoform  and  iodoform  are  reduced  to  methylene  bromide  (OS  I, 
357;  90%  yield)  and  methylene  iodide  (OS  I,  358;  9i/0  yield),  respec- 
tively,  by  the  use  of  sodium  arsenite. 

CHBr3  +  Na3As03  +  NaOH  —4  CH2Br2  +  Na3As04  +  NaBr 

CHI3  +  Na3As03  +  NaOH  - ►  CH212  +  Na3As04  +  Nal 

Tin  and  hydrobromic  acid  serve  to  convert  l,6-dibromo-2-naphtl.ol 
to  6-bromo-2-naphthol  (OS  20,  18). 
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Br 


w^011  K/\Jor 

Br 

Compounds  that  contain  halogen  atoms  on  adjacent  carbon  atoms 
can  be  dehalogenated  by  the  action  of  certain  metals  to  yield  the  corre¬ 
sponding  olefinic  compounds.  Zinc,  for  example,  converts  eth}dene 
bromide  to  ethylene.  Similarly,  from  1,1,1,2-tetrachloroethane  vinyli- 
dene  chloride  can  be  made. 

CH2C1CC13  +  Zn  - >  CH2=CC12  +  ZnCl2 

Hexachloroethane  is  converted  to  tetrachloroethylene,  an  anthelmintic 
used  in  place  of  carbon  tetrachloride  for  hook  worms  and  other  parasites. 

CCI3CCI3  - >  CC12=CC12 

This  reaction  is  useful  in  syntheses  in  which  it  is  necessaiy  to  “protect” 
an  olefinic  linkage  during  certain  operations.  An  example  is  the  synthesis 
of  \  inylacetic  acid  from  allyl  cyanide.  Contact  with  alkalies  causes  the 
cyanide  to  rearrange  to  crotononitrile  (p.  129). 

CH2=CHCH2CN  - >  CH3CH-CHCN 

The  dibromide,  however,  can  be  hydrolyzed  with  alkaline  reagents,  and, 
liom  the  dibromo  acid,  vinylacetic  acid  can  be  obtained. 


ch2chch2cn 

I  I 

Br  Br 


CH2CHCH2C02H 

Br  Br 


CH2=CHCH2C02H 


It  should  be  pointed  out,  however,  that  the  foregoing  method  has  lost 
much  of  its  practical  value  in  view  of  the  discovery  that  allyl  cyanide 

(OS  £' S^rJlST'13,  by  C““ntr,tol  Mrochtaic 

In  the  separation  of  1-butene  from  2-butene  it  has  been  found  expedient 
to  prepare  the  d.bromides,  which  can  be  separated  by  fractional  dis 

CH3CH2CHCH2  +  Zn  - ►  CH3CH2CH=CH,  +  ZnBr, 

Br  Br 

CH3CHCHCH3  +  Zn  - >  CH3CH=CHCH3  +  ZnBr, 

Br  Br  2 
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corresponding  diiodo  compound  is  formed  as  an  intermediate.  It  is  a 
general  rule  that  1,2-diiodo  compounds  are  unstable  and  dissociate 
into  iodine  and  the  corresponding  unsaturated  compound.  For  example, 
ethylene  iodide  reverts  to  ethylene  and  iodine  when  heated. 

CH2I  ch2  t 

i  )  ii  4“  I2 

ch2i  ch2 


The  synthesis  of  allyl  iodide  from  glycerol  by  the  action  of  phosphorus 
and  iodine  must  be  due  to  a  similar  reaction.  The  1,2,3-triiodopropane 
to  be  expected  is  unstable  and  dissociates  into  iodine  and  allyl  iodide. 


OH  OH  OH  III 

ch2-ch-ch2  [CH2CHCH2]  —4  ch2=chch2i 

This  procedure  is  in  effect  a  device  for  converting  a  1,2-glycol  into  the 
corresponding  olefin.  It  has  been  found  to  be  convenient  to  employ 
phosphorus  diiodide  (P2I4)  for  this  purpose.  In  the  hands  of  Kuhn 
and  his  coworkers  this  method  gave  remarkable  results  in  the  synthesis 
of  diphenylpolyenes.  Hydrocinnamoin,  for  example,  yielded  1,6- 
diphenyl-l,3,5-hexatriene.45 

C6H5CH=CHCH-CHCH=CHC6H5  - ►  C6H5(CH=CH)3C6H5 

OH  OH 


The  procedure  proved  to  be  effective  with  1,4-  and  1,6-glycols  also, 
the  tetraene  being  made  as  follows.1'6 

C6H5CH=CHCHCH=CHCHCH=CHCeH5 - ►  C9H5(CH=CH)4C6H5 

OH  OH 


The  binary  mixture,  magnesium-magnesium  iodide,  has  been  used 
U,  prepare  *>«..  ."1 
chlorine  derivatives  of  dioxane.47 


O 


CH2 


ch2 

\  / 

n 


CHC1 

CHCl 


O 

CH2  ch 


Dioxene 


ch2  ch 

\  / 

o 


“  Kuhn  and  Winterstein,  Helv.  Ckim^Ada  U.  !7  (192S). 

«  Kuhn  and  Wallenfels,  Her.,  71B,  ,  2Q  rjggcj) 

.1  Summerben  and  Umhoefer,  J.  Am.  Chcm.  Soc.,  61,  30-U 
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O 


/ 

\ 

C1CH 

CHC1 

CICH 

CHC1 

\ 

/ 

O 


O 

/  \ 

CH  CH 


CH  CH 


Dioxadiene 


The  purification  of  a,/3-unsaturated  ketones  often  gives  trouble. 
Kohler  discovered  that  conversion  to  a  solid  dibromide  was  often 
helpful,  since  this  derivative  could  be  purified  by  recrystallization  and 
from  it  the  unsaturated  ketone  could  be  made  in  nearly  pure  condition. 
The  interesting  feature  of  this  method  is  that  the  reagent  is  not  a 
metal  but  potassium  or  sodium  iodide.  The  reaction  presumably 
involves  the  formation  of  the  corresponding  diiodo  derivative,  which 
loses  iodine  spontaneously. 


RCH=CHCOR  — >  RCHCHCOR  — 


Br  Br 


[RCHCHCOR] 

I  I 


-I2 


RCH=CHCOR 


It  has  been  shown  that  the  rate  at  which  bromine  is  removed  by  this 
method  varies  with  the  nature  of  the  compound.  The  following  examples 
show  some  of  the  variations.48 


Compound 

Quantitative 
removal  in 

c6h5chchco2h 

15  minutes 

Br  Br 

CsHsCHCHCHO 

1  1 

1  hour 

Br  Br 

CHBrC02H 

6HBrC02H 

15  minutes 

ch3chchco2h 

30  minutes 

Br  Br 

c6h5chchch3 

1  1  0 

10  hours 

Br  Br 

BrCH2CHBr(CH2)8C02H 

20  hours 

dibromo 

S  at. on  Of], M, halogen  compounds,  consists  in  the  removal 

spagnol  and  Merville,  Bull.  sci.  pharmacol.,  49,  65  (1942) 
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of  the  elements  of  an  alkyl  hypobromite.  The  action  of  a  Grignard 
reagent  on  an  a,|3-dibromo  ether  gives  the  bromo  ether  from  which  the 
olefin  can  be  derived.  The  elimination  is  effected  by  the  use  of  zinc. 
If  allylmagnesium  bromide  (p.  130)  is  used,  the  final  product  is  a  diene.49 

Br  Br  Br  R' 

CH2CHOR  +  R'MgX  - >  CH2CHOR  +  MgXBr 

Br  R' 

CH2CHOR  +  Zn  - >  CH2=CHR'  +  Zn(OR)Br 

jS-Halo  ethers  in  general  react  with  metals  to  yield  olefins  and  alcohols 
or  phenols  according  to  this  equation  (p.  131).50  An  example  is  the  con¬ 
version  of  /3-bromophenetole  to  ethylene  and  phenol  by  treatment  w  ith 
magnesium.51 

2C6H5OCH2CH2Br  +  2Mg  - >  (C6H50)2Mg  +  MgBr2  +  2C2H4 

The  formation  of  ethyl  vinyl  ether  from  /3-chloroethyl  acetal  by  the 
action  of  sodium  is  another  example.52 


C1CH2CH(0C2H5)2  +  2Na 


CH2=CHOC2H5  +  C2H5ONa  +  NaCl 


RCH=C(OC2H5)2  +  NaBr  +  C2H5ONa 


Applied  to  ortho  esters  of  a-halogen  acids,  this  procedure  yields 
ketene  acetals.53 

RCHC(OC2H5)3  +  2Na  — 

1 

Br 

Tetrahvdrofurfuryl  bromide  reacts  with  magnesium  to  give  a  62% 
yield  of  4-penten-l-ol.54  This  unsaturated  alcohol  is  made  in  an  83% 
yield  by  treating  tetrahydrofurfuryl  chloride  with  sodium  (Ob  25,  ). 


k  / 

o 


ch2ci 


+  2Na 


CH2=CHCH2CH2CH2ONa  +  NaCl 


CH2=CHCH2CH2CH2ONa  CH2=CHCH2CH2CH2OH 

-  Dykstra,  Lewis,  and  Boord,  J  Am-Chem.  Soc.,  62,  3390  (1930). 

bo  Amstutz,  J.  Org.  C/iem.,  9,  31  (  _ 

si  Grignard,  Compt.  rend.,  138,  1048  ( 

62  Wislicenus,  Ann.,  192,  106  (187  •  (1940). 

53  Walters  and  McElvain,  J  Am.  Chem^  Soc  ^  ( 

54  Robinson  and  Smith,  J.  Chem.  Soc.,  195  (1930). 
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Certain  halo  vinyl  ethers  yield  acetylenic  derivatives.  Thus,  fi- 
bromovinyl  phenyl  ether  is  converted  to  the  corresponding  phenoxide 
and  acetylene.55 

C6H5OCH=CHBr  +  2Na  - ►  C6H5ONa  +  NaBr  +  C2H2 


As  was  pointed  out  earlier  (p.  131),  /3-halo  ethers  cannot  be  used 
satisfactorily  for  the  preparation  of  Grignard  reagents. 

Cumulenes.  A  compound  which  has  a  succession  of  ethylene  linkages 
is  known  as  a  cumulene.  The  method  by  which  these  substances  have 
been  synthesized  is  based  on  the  dehalogenation,  not  of  1,2-dihalogen 
compounds,  but  of  their  vinylogs  (p.  500).  The  term  vinylog  is  used  to 
describe  compounds  which  differ  by  one  or  more  vinylidene  linkages. 
It  is  well  known  that  vinylogs  are  similar  chemically.  For  example, 
vinylogs  of  1,2-diiodo  compounds  in  which  the  iodine  atoms  are  at  the 
extremities  of  a  conjugated  system  seem  also  to  lose  iodine.  When  the 
glycols  obtained  by  condensing  the  dibromomagnesium  derivatives  of 
acetylene  and  diacetylene  with  benzophenone  are  treated  with  P2l4,  the 
expected  diiodo  derivatives  are  not  isolated;  cumulenes  are  formed 
instead.  An  example  is  tetraphenyl-l,2,3-butatriene.46 


C6H5COC6H5  (C6H5)2COH  (C6H5)2CI 

CMgBr  C  C 

CMgBr  *  C  ¥  C 

C6H5COC6H5  (C6H5)2COH  (C6Hs)2CI 


(c6h5)2c 

II 

c 

II 

c 

(C6H5)2C 


If  the  glycol  from  diacetylene  and  benzophenone  is  treated  with  hydro¬ 
gen  chloride  and  chromous  or  vanadous  chloride,  the  cumulene,  tetra- 
phenyl-l,2,3,4,5-hexapentaene,  is  formed  in  a  yield  of  93 %  It  ic  q 
dark-red,  high-melting  solid. 


C6H5COC6H5 

CMgBr 

in 

C 

i 

c 


(C6H5)2COH 

I 

c 

III 

c 

I 

c 


(C6H5)2C 

II 

c 

II 

c 

II 

c 


CMgBr  c  C 

C6H5COC6H5  (C6H5)2COH  (C6Hs)2C 

Diacetylene  can  be  made  by  the  decarboxylation  of  diacetvlene 
d, carboxylic  acid,  which  in  turn  may  be  formed  by  treating  the  cop^ 
dern  ativ  e  of  sodium  propiolate  with  potassium  ferricvanide 

atim.6  i  1  S  h  6  ,°d'  SeVera‘  procedures  are  available  for  dechlorin- 
.  f  Chl°ndeS  t0  produce  aldimines,  which  in  turn  furnish  alde- 
acobs,  Cramer,  and  Weiss,  J.  Am.  Chem.  Soc.,  62,  1849  (1940). 


146 


HALOGEN  COMPOUNDS 


hydes.  In  one  of  these,  developed  by  Stephen,  the  imide  chloride  is 
obtained  from  a  nitrile  and  reduced  by  stannous  chloride.66  The  pro¬ 
cedure  is  to  suspend  anhydrous  stannous  chloride  in  dry  ether  and  pass 
in  dry  hydrogen  chloride  until  the  mixture  separates  into  two  layers. 
The  nitrile  is  added,  and  the  reaction  is  allowed  to  continue  for  2  hours. 
The  double  salt  of  stannic  chloride  and  imine  hydrochloride  which 
separates  is  removed  and  hydrolyzed  with  boiling  water.  The  conver¬ 
sion  of  2-naphthonitrile  to  2-naphthaldehyde  may  be  taken  as  an  ex¬ 
ample  (OS  23,  63). 

C10H7CN  +  HC1  - >  C10H7CC1=NH 

HC1 

Ci0H7CC1=NH  - ►  Ci0H7CH=NH 

10  7  SnCl2 


c10h7ch=nh 


h2o 

- > 


CioH7CHO 


The  over-all  yield  is  80%. 

p-Tolualdehyde  is  formed  in  a  77%  yield.57 

The  method  of  Stephen  has  been  used  to  make  aliphatic  as  well  as 
aromatic  aldehydes  and  affords  excellent  yields  in  many  cases.  The 
aldimine  hydrochloride-stannic  chloride  complexes  formed  from  the 
higher  aliphatic  nitriles  do  not  precipitate  at  ordinary  temperatures;  if 
the  reaction  mixture  is  kept  for  2  days  at  0°,  however,  separation  occurs. 
By  this  procedure  lauraldehyde,  for  example,  can  be  obtained  in  nearly 
quantitative  yields  from  lauronitrile.58  The  procedure  is  not  always 
successful,  however.  o-Tolualdehyde  and  1-naphthaldehyde,  foi  ex¬ 
ample,  cannot  be  prepared  satisfactorily  in  this  way. 

An  interesting  application  of  this  method  is  the  synthesis  of  indole 
by  the  reduction  of  o-nitrophenylacetonitrile.  Both  the  imide  chloiide 
and  nitro  groups  are  reduced  when  enough  reagent  is  employed. 


/\ch2cn 

\/] 


2' 

no2 


/\ch2cci=nh 


s/ 


nh2 


/\ch2cho 


NH; 


V\  / 

N 

H 

H 


-CH 

CH 


56  See  wittig  and  Hartmann,  Ber .,  72B,  1387  (1039). 

Williams,  J.  Am.  Chern.  Soc.,  61,  2248  (1939). 
&8Lieber  J.  Am.  Chem.  Soc.,  71,  2862  (1949). 

69  Stephen,  J.  Chem.  Soc.,  127,  1874  (1925). 
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The  Sonn-Muller  Method.  A  modification  of  Stephen's  method, 
developed  by  Sonn  and  Muller,  involves  the  reduction  of  an  imide 
chloride  derived  from  an  anilide.  The  imide  chloride  in  this  procedure 
is  made  by  mixing  the  anilide  with  phosphorus  pentachloride  in  benzene, 
toluene,  or  tetrachloroethane  and  heating  until  solution  takes  place. 
The  solvent  and  phosphorus  oxychloride  are  distilled  under  diminished 
pressure,  and  the  product  is  reduced  with  stannous  chloride  as  in  the 
method  of  Stephen.  The  aldehyde  is  obtained  by  steam  distillation  of 
the  whole  reaction  mixture  or  by  isolating  the  complex  salt,  boiling  it 
with  acid,  and  distilling  with  steam  or  extracting  with  a  suitable  solvent. 
The  yields  amount  to  about  85%. 

The  method  may  be  illustrated  by  the  synthesis  of  o-tolualdehyde 
from  o-toluanilide  (OS  26,  97).  The  over-all  yield  is  70%. 

CH3C6H4CONHC6H5  - 4  CH3C6H4CCl=NCeH5 

CH3C6H4CC1=NC6H5  -^4  ch3c6h4ch=nc6h5 

CH3C6H4CH=NC(iH5  —4  CH3C6H4CHO 

The  method  is  not  useful  for  aliphatic  aldehydes  unless  they  contain 
a,/3-unsatui  ation.  This  is  because  the  imide  chlorides  of  saturated 
aliphatic  aldehydes  are  unstable.  This  instability  appears  to  be  due  to 
lead}  migi ation  of  a  hydiogen  atom,  a  change  which  cannot  occur  with 
o:,jS-unsaturated  compounds. 


RCH2CC1=NC6H5  - ►  RCH=CC1NHC6H5 

With  a,/?-unsaturated  anilides,  however,  stannous  chloride  must  be 
replaced  by  a  stronger  reducing  agent;  chromous  chloride  is  used  60 
A  method  for  converting  oximes  to  aldehydes  depends  on  the  inter- 
mediate  formation  of  an  imide  chloride  which  is  then  reduced  with 
stannous  chloride.^  An  example  is  the  preparation  of  p-chlorobenz- 
aldehyde  fiom  sj/n-p-chlorophenyl  phenyl  ketoxime. 

C1C6H4n  pn 

C=NOH  -4  C1C6H4CC1=NC6H5 


C1C6H4CH=NC6H5  — >  cic6h4cho 

Reissert’s  Reduction.  A  method  which  has  a  still  greater  decree  of 
selectivity  is  that  developed  by  Reissert.  In  this  procedure  S  aci] 

and  Zdol7;B^d67B"'n35a93a4kd  PinkerneUe'  ^  6?B’  269  (193^  Braun 
-  61  Coleman  and  pyle,  j.  Am.  Chem.  Soc.,  68,  2007  (1946). 
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chloride  is  treated  with  hydrogen  cyanide  in  the  presence  of  quinoline, 
the  reaction  being  conducted  in  benzene  or  other  inert  solvents.  The 
condensation  product  is  decomposed  with  sulfuric  acid.  Both  aliphatic 
and  aromatic  aldehydes  can  be  made  satisfactorily  by  this  method.62 
An  example  is  the  synthesis  of  p-nitrobenzaldehyde. 


HCN 

p-N02C6H4C0Cl  , 

quinoline 


V 


V- 


H 


VXCN 


coc6h4no2 


^24  p-N02C6H4CH0  + 

h2o 


\A 


// 


co2h 


N 


D  ehydrohalogenation 

Many  halogen  compounds  may  be  caused  to  lose  the  elements  of  a 
hydrogen  halide,  i.e.,  undergo  dehydrohalogenation,  to  yield  the  corre¬ 
sponding  unsaturated  compounds.  Removal  of  one  molecule  of  hydrogen 
halide  generates  an  olefinic  compound,  of  two  a  diene  or  an  acetylenic 
compound.  Dehydrohalogenation  proceeds  most  readily  with  tertiary 
alkyl  halides,  less  so  with  secondary,  and  least  readily  with  primary. 
When  two  or  more  different  olefins  are  possible,  the  rule,  formulated  by 
Zavtzeff  is  that  the  most  highly  alkylated  ethylene  will  predominate 
among  the  products.  This  generalization  recalls  the  rule  that  a  tertiary 
hydrogen  atom  is  more  reactive  than  a  primary  (p.  30).  Thus  analkyl 
halide  of  the  type  RCH2CHCH3  would  yield  the  olefin  RCH=CHCH3 

Cl  .  . 

rather  than  RCH2CH=CH2.  This  result  accords  with  the  prediction 
based  on  the  concept  of  hyperconjugation,  since  the  monoalky  olefin 
nossesses  at  least  one  less  a-hydrogen  atom  than  does  the  dialkyl  ole  - 
P  An  important  example  of  dehydrochlormation  is  the  conversion  of 

^rSlorid.  t.  vinyl  chloride.  The  region  *  mm*  «*  «** 
trially  by  dropping  the  dichlonde  on  hot  alkali. 

CH2C1CH2C1  - ►  CH2=CHC1  +  HC1 

The  nroduction  of  vinylidene  chloride  by  the  salt-bath  chlorination 
chloride  loll., red  by  ,  dchydrochl.rinn.ion  to 

mentioned  (p.  30)  .63 

.  Grosheintz  and  Fischer,  X  dr,  63,  202.  (.04.);  see  also  McEwnn 

and  Hazlett,  J.  Am.  Chem.  Soc.,  71,  1949  (1J  h 

63  Goggin  and  Lowry,  Ind.  Eng.  Chem.,  34,  327  (1942J. 
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Pentachloroethane  readily  loses  a  molecule  of  hydrogen  chloride  and 
can  serve  in  an  interesting  way  as  a  hydrochlorinating  agent. 

CCI3CHCI2  +  RNH2  - >  RNH2  HC1  +  CC12=CC12 

For  example,  it  converts  ephedrin  to  ephedrin  hydrochloride,  tetra- 
chloroethylene  being  the  other  product.64 

2,3-Dibromopropene  is  made  from  1,2,3-tribromopropane  by  heating 
with  a  very  concentrated  sodium  hydroxide  solution  (OS  I,  209;  84% 
yield). 

Br  Br  Br 

I  I  I  NaOH 

CH2CHCH2  - ►  CH2=CBrCH2Br 


This  example  is  interesting  because  it  illustrates  the  general  rule  that  a 
vinyl  bromide  is  relatively  unreactive.  The  difference  in  reactivity  of 
the  two  bromine  atoms  in  the  propene  is  predictable  as  an  extension  of 
Schmidt’s  rule  (p.  15).  The  bromine  atom  in  position  2  is  not  easily 
removed  by  dehydrohalogenating  agents.  The  halogen  atom  in  position 
3  is  not  eliminated  because  the  adjacent  carbon  atom  carries  no  hydrogen 
atom. 

The  synthesis  of  muconic  acid  from  ethyl  a,<5-dibromoadipate  illus¬ 
trates  a  very  general  reaction  of  cx-halo  carbonyl  compounds  (OS  26 
58;  43%  yield). 


co2c2h5 

co2h 

CHBr 

1 

CH 

ch2 

| 

11 

CH 

ch2 

1 

CH 

CHBr 

| 

11 

CH 

co2c2h5 

co2h 

Pyridine,  quinoline,  and  similar  tertiary  amines  are  very  good  de- 
lydrohalogenating  agents  for  many  compounds.  An  example  is  the  use 
of  pyridine  to  prepare  3,5,7-decatriene.65 


C3H7CHC1CH=CHCHC1C3H7  — idine , 

c2h5ch=chch=chch=chc2h5 

Triple  bonds  are  produced  when  vinyl  halides  are  t i  ... 

Skalf  (OR  f  7}^  p^enat;ng  aSents  such  as  sodium  amide  and'  molten 
alkali  (UK  5,  1).  Phenylacetylene  is  made  in  o  f\7o/  •  u  1  1  Ien 

<h— 

: -  -si;  is 
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200-230°  (OS  I,  438).  Since  phenylacetylene  boils  at  143°,  it  distils 
from  the  unchanged  bromostyrene  (b.p.  220°). 

C6H5CH=CHBr  +  KOH  - ¥  C6H5C=CH  +  KBr  +  H20 


Phenylacetylene  can  be  obtained  also  by  dehydrohalogenation  of  a- 
chlorostyrene,  prepared  by  the  action  of  phosphorus  pentachloride  on 
acetophenone  (p.  386).  1-Decyne  (OS  I,  192;  68%  yield)  and  3-cyclo- 
hexylpropyne  (OS  I,  191;  66%  yield)  are  formed  in  a  similar  way. 


CH3(CH2)7CBr=CH2  +  NaNH2 


CH3(CH2)7C=CH  +  NaBr  +  NH3 


CHCH2CBr=CH2 

/  \ 
ch2  ch2 

I  I  +  NaNH2 

ch2  ch2 

\  / 
ch2 


chch2c=ch 

/  \ 

ch2  ch2 

I  |  +  NaBr  +  NH3 

,.ch2  ch2 

\  / 

ch2 


In  these  reactions  the  dehydrohalogenating  agent  is  powdered  sodium 
amide  suspended  in  mineral  oil. 

Many  acetylenic  acids  can  be  made  in  satisfactory  yields  from  di- 
bromo  acids  by  eliminating  two  molecules  of  hydrogen  halide.  A  salt 
of  acetylenedicarboxylic  acid  is  produced  from  a,/3-dibromosuccimc  acid 
by  heating  with  methanolic  potassium  hydroxide  (OS  II,  1 0) •  An  88% 
yield  of  acetylenedicarboxylic  acid  may  be  obtained  after  acidification 

of  the  reaction  mixture. 


co2h  co2k 

?HBr  +  4KOH  - ►  m  +  2KBr  +  4H20 

CHBr  C 

C02H  .  co2k 

Phenylpropiolic  acid  may  be  derived  in  a  similar  way  from  ethyl  cinna- 
mate  (OS  II,  515;  yield  81%). 

c6h5ch=chco2c2h5  —4  c6h5chchco2h  -4  c6h5c,cco2h 

Br  Br 


ike  fashion  methyl  oleate  furnishes  stearolic  acid  (OS  27,  76;  42% 


In  a  like 
yield). 

CH3(CH2)7CH=CH  (ch2)7co2ch3 

CH3(CH2)7CHCH(CH2)7C02H 

Br  Br 


CH3(CH2)7C=C(CH2)7C02H 
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Propargyl  alcohol  is  formed  in  yields  as  high  as  6 9%  by  treating 
3-chloro-2-propen- 1  -ol  with  sodium  hydroxide  solution.66  The  chloro- 
propenol  is  readily  obtained  by  hydrolysis  of  1,3-dichloropropene,  a 
by-product  in  the  preparation  of  allyl  chloride  from  propylene. 

NaOH 

C1CH=CHCH2C1  — - ►  C1CH=CHCH20H 

H20 

—  HC1 

C1CH-CHCH20H  - 4  hc=cch2oh 

The  hydrolysis  of  1,3-dichloropropene  to  3-chloro-2-propen-l-ol  is 
instructive  because  it  illustrates  the  great  difference  in  the  reactivity 
of  allyl  and  vinyl  chlorides. 

Tolan  is  made  in  84%  yields  from  stilbene  bromide  by  dehydro- 
bromination  with  ethanolic  potassium  hydroxide  (OS  22,  50). 

c6h5chchc6h5  ~2IIBr)  C6H5C=CC6H5 

I  I 

Br  Br 


DDT  readily  loses  one  molecule  of  hydrogen  chloride  (p.  116)  (OS  26, 

21). 

—  HC1 

(C1C6H4)2CHCC13  - -»  (C1C6H4)2C=CC12 

Dehydrochlorination  of  l,l-dichloro-2,2-di(p-chlorophenyl)ethane 
under  the  influence  of  ferric  chloride  produces  not  only  l-chloro-2,2- 
di(p-chlorophenyl)ethylene  but  also  a  rearrangement  product,  4,4'- 
dichlorostilbene  chloride.67 

(C1C6H4)2CHCHC12  - >  (C1C6H4)2C=CHC1  and 

C1C6H4CHCHC6H4C1 

1  1 

Cl  Cl 


A  synthesis  of  difluoromalonic  acid  involves  dehydrochlorination 
followed  by  oxidation  of  the  resulting  diene.  The  raw  material  is  diethyl 
ketone,  and  the  steps  are  as  follows.68 

CH3CH2COCH2CH3  - ►  CH3CH2CF2CH2CH3  _ ► 

C1CH2CH2CF2CH2CH2C1  - ► 


^n2-Lntt  2CH=CH2 


In  a  0-dihalogen  derivatives  the  d-halogen  atom  is  more  readilv 
removed  than  the  alpha.  When,  for  example,  benzalacetone  dibromide 

lUtcb  and  Moore,  J.  Am.  Chem.  Soc.,  66,  285  (1944) 

Heck,  J.  Org.  Chem.,  12,  708  (1947) 

“  Henne  and  DeWitt*  J-  Arn.  Chem.  Soc.,  70,  1548  (1948). 


152 


HALOGEN  COMPOUNDS 


is  treated  with  sodium  acetate  in  ethanol,  a-bromobenzalacetone  is 
produced  in  a  73%  yield  (OS  27,  9). 

C6H5CHBrCHBrCOCH3  +  CH3C02Na  - > 

C6H5CH=CBrCOCH3  +  CH3C02H  +  NaBr 

Ivetene  diethylacetal  is  made  in  a  75%  yield  by  treatment  of  the 
acetal  of  bromoacetaldehyde  with  potassium  f-butoxide  in  £-butyl 
alcohol  solution  (OS  23,  45). 

/OC2H5  _HBr  /OC2H5 

BrCH2CH  - ►  CH2=C 

xOC2H5  xOC2H5 

This  method  takes  on  greater  significance  in  view  of  the  development 
of  a  satisfactory  method  for  making  bromoacetal  (p.  370). 

Dehydrohalogenation  of  coumarin  dibromide  is  accompanied  by 
rearrangement  and  the  development  of  a  carboxyl  group,  the  final 
product  being  coumarilic  acid  (OS  24,  34).  It  would  appear  that  ring 
opening  is  followed  by  a  ring  closure  which  is  an  intramolecular  alk>  la- 
tion;  dehydrobromination  then  takes  place.  The  yield  of  coumarilic 
acid  is  88%. 


CHBr 


^\/  \ 


CHBr  kOH 


V\  / 

o 


c=o 


V\  / 
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CHBr 
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chco2k 


II  Cl 
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co2k 
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co2h 


a-Bromocinnamaldehyde  is  formed  in  an  85%  yield  b>  ^  a^.° 
potassium  carbonate  on  the  dibromide  of  cinnamaldehyde  (OS  25,  92). 

c6h5chchcho  —A  c6h5ch=ccho 

Br  Br 

Dehydrohalogenation,  although  a  very  general  reaction,  fails  in  cer¬ 
tain  cases  It  has  been  observed  that  attempts  to  introduce  a  double 
bond  at  the  bridgehead  in  compounds  of  the  camphane  and  pm 
series  are  unsuccessful.  In  fact,  no  compound  is  known  of  ty pe 
which  has  a  double  bond  at  A  or  B. 
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A  A 


c-c-c 

c-c 

1  1 

/  1  1 

1  c 

c  c  c 

1  1 

\ll  1 

c-c-c 

c-c 

1 

1 

B 

B 

I 

II 

This  generalization,  known  as  Bredt’s  rule,  finds  support  in  attempts 
to  dehydrohalogenate  certain  bicyclic  compounds  having  a  halogen  atom 
at  or  near  a  bridgehead.69 

It  is  impossible,  for  example,  to  convert  bromocamphor  (III)  to  the 
corresponding  unsaturated  camphor  derivative  (IV). 


ch2-ch - 

C(CH3)2 

ch2-c - 

ch3 


III 


CHBr 

CO 


CH2-C===CH 
i  C(CH3)2 

CH2-C - co 

ch3 

IV 


Similarly,  hydrogen  bromide  cannot  be  eliminated  from  the  anhydride 
of  bromocamphoric  acid  (V) ;  dehydrobromination  will  occur,  however, 
with  the  esters  (VI),  yielding  the  corresponding  unsaturated  acid  (VII). 


Br 

CH2-C - CO 

C(CH3)2  xo 

ch2-c - C(/ 

ch3 

V 


Br 

CH2-C-C02R 

C(CH3)2 

ch2-c-co2r 

ch3 

VI 


ch=c-co2h 

C(CH3)2 

CH2-C-C02H 

ch3 

vri 


This  acid,  however,  does  not  form  a  normal  anhydride.  Under  drastic 
treatment  it  yields  the  anhydride  (VIII)  of  the  isomeric  acid. 


CH-CH - CO 

I  C(CH3)2  N0 

CH-C - CO' 

CH3 

VIII 


69  Bredt,  Ann.,  437,  1  (1924). 
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ORGANOMETALLIC  COMPOUNDS  IN  SYNTHESIS 

Organometallic  compounds  vary  greatly  in  reactivity  and  in  ease  of 
preparation  and  handling,  the  Grignard  reagent  being  by  far  the  most 
useful  in  synthetic  work.  Accordingly  attention  will  be  directed  here 
to  this  reagent  with  only  occasional  mention  of  less  useful  organometallic 
compounds. 

An  insight  into  the  behavior  of  Grignard  reagents  and  similar  organ¬ 
ometallic  compounds  may  be  gained  by  regarding  them  as  sources  of 
carbanions  corresponding  to  the  hydrocarbon  radicals  involved.  Since 
such  carbanions  are  very  strong  bases,  it  is  to  be  foreseen  that  they  will 
attack  centers  of  low  electron  density  such  as  the  carbon  atom  of  a 
carbonyl  or  nitrile  group. 

Moreover,  these  highly  basic  carbanions  may  be  expected  to  displace 
weaker  bases  such  as  OH-,  OR-,  and  NR2-  Reactions  of  this  category 
occur,  for  example,  with  hydroxy  compounds,  halogen  compounds,  ortho 
esters,  sulfhydryl  compounds,  certain  active  methylene  compounds, 
primary  and  secondary  amino  compounds,  and  1-alkynes.  Many  of 
these  compounds  contain  active  hydrogen. 


Hydrocarbons 


Compounds  Containing  Active  Hydrogen.  The  reaction  with  active 
hydrogen  compounds  is  very  rapid,  and  converts  the  Grignard  reagent 
to  the  corresponding  hydrocarbon.  The  decomposition  of  a  Grignard 
reagent  with  heavy  water  produces  a  deuterium  compound;  phenyl- 
magnesium  bromide  yields  monodeuterobenzene. 

C6H5MgBr  +  D20  - ►  C6H5D  +  Mg(OD)Br 


There  are  instances  in  which  hydrogen  on  carbon  is  sufficiently 
reactive  to  decompose  the  reagent.  Acetylene  is  an  example. 

2RMgX  +  HC=CH  - ►  2RH  +  XMgOCMgX 

The  activation  of  methylene  groups  by  adjacent  unsaturation  (p.  15) 
may  be  sufficient  to  enable  them  to  react  with  Grignard  reagents.  Fo 
example,  cyclopentadiene  decomposes  methylmagnesmm  iodide. 
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CH=CHX  CH=CHX 

I  CH2  +  CH3MgI  - ►  |  CHMgl  +  CH4 

CH^CH7  CH^CH/ 

CH=CHX 

The  carbanion  |  HCi,  being  stabilized  by  resonance,  is  dis- 

CEKCH7 

placed  because  it  is  much  less  basic  than  the  methyl  carbanion.  Other 
examples  are  indene,  fluorene,  and  1,4-pentadiene. 

Carbonyl  compounds  which  have  a-hydrogen  atoms  may  decompose 
Grignard  reagents  since  they  form  carbanions  that  are  similarly  reso¬ 
nance  stabilized.  Ethyl  acetoacetate  reacts  in  this  way,  for  example. 

CH3C0CH2C02C2H5  +  CH3MgI  - ► 

[CH3C0CHC02C2H5]MgI  +  CH4 


Certain  highly  hindered  ketones  such  as  acetomesitylene  and  methyl 
triethylcarbinyl  ketone  behave  in  a  similar  way.1 

The  reaction  of  active  hydrogen  compounds  with  RMgX  compounds 
is  employed  occasionally  to  make  hydrocarbons.  The  preparation  of 
n-pentane  from  2-bromopentane  by  way  of  the  corresponding  Grignard 
reagent  is  an  example  (OS  II,  478;  53%  yield).  The  common  use  of 
this  type  of  reaction  is  in  analytical  wrork,  forming  the  basis  of  the 


C'hugaev-Zerevitinov  method  of  determining  active  hydrogen  atoms. 
The  method  consists  in  treating  a  weighed  amount  of  the  compound  to 
bo  tested  with  an  excess  of  a  methylmagnesium  halide  and  measuring 
the  methane  evolved.  One  mole  of  resorcinol,  for  example,  gives  two 
moles  of  methane. 

A  modification  of  this  method  is  due  to  Kohler,2  who  devised  a  means 
of  preparing  and  storing  a  standard  solution  of  methylmagnesium  iodide 
An  excess  of  the  reagent  is  taken,  and  after  the  reaction  is  complete  the 
amount  of  unused  reagent  is  determined  by  adding  water  and  measuring 
the  methane  evolved.  If  one  mole  of  benzoin  is  treated  with  three  moles 
of  reagent,  it  will  be  found  that  one  mole  of  methane  is  evolved  at  once 
and,  by  titration  of  the  excess  reagent,  that  a  total  of  two  moles  of 
reagent  has  been  used.  This  leads  to  the  conclusion  that  the  molecule 
contains  a  carbonyl  group  in  addition  to  one  active  hydrogen  atom 

A  practical  difficulty  involved  in  the  use  of  the  Grignard  “machine” 
or  the  determination  of  active  hydrogen  is  that  the  main  stopcock  is 
likely  to  freeze  if  the  apparatus  is  used  infrequently.  A  modification 

!  KohZ°Z  and  J'  Am '  Chm '  SnC-’  64>  1019  (1942>- 

myer,  J.  Am.  Ch^Soc^,' mi Imo)"'  ^  ^  3'81  (1927);  K°hIer  and 
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of  the  apparatus  has  been  developed  which  dispenses  with  the  trouble¬ 
some  stopcock,  using  instead  a  hypodermic  needle  for  the  transfer  of 
the  reagent.3 


Lithium  aluminum  hydride  has  been  found  to  be  superior  to  methyl- 
magnesium  iodide,  in  many  instances,  for  active  hydrogen  determina¬ 
tion.4 

A  method  of  determining  active  hydrogen  in  the  presence  of  ester 
groups  involves  titration  with  triphenylmethylsodium.5  This  reagent 
(p.  133)  has  an  intense  red  color.  When  a  standard  solution  of  the 
reagent  is  used  in  titration,  the  color  of  the  reagent  serves  as  the  end 
point.  The  method  has  an  advantage  over  that  involving  Grignard 
reagents  in  permitting  recovery  of  the  original  ester. 

Decomposition  of  the  Grignard  reagent  by  active  hydrogen  compounds 
is  to  be  avoided,  of  course,  in  synthetic  work.  Thus  the  ether  and  re¬ 
actants  should  be  free  from  water,  alcohols,  and  all  other  compounds 
which  have  active  hydrogen  atoms.  It  is  to  be  emphasized  that  this 
type  of  reaction  is  faster  than  those  generally  sought  in  synthetic  work. 
When  salicylaldehyde,  for  instance,  is  treated  with  a  Grignard  reagent, 


the  hydroxyl  group  decomposes  the  reagent  before  the  aldehyde  group 
is  attacked.  If  the  halomagnesium  derivative  formed  in  such  cases  is 
soluble,  further  action  of  the  reagent  is  possible,  and  useful  condensa¬ 
tion  reactions  can  be  realized  in  spite  of  the  active  hydrogen.  Its 
presence,  however,  requires  the  use  of  an  additional  mole  of  reagent. 
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The  presence  of  active  hydrogen  in  a  molecule  has  been  utilized  as  a 
protective  device.  A  synthesis  of  ethyl  0-ketovalerate  is  based  on  a 
scheme  of  this  type.  When  ethyl  cyanoacetate  is  treated  with  an  excess 
of  ethylmagnesium  iodide,  the  first  mole  of  the  reagent  converts  the 
ester  to  the  enolate,  which  then  condenses  with  a  second  mole  oi  the 

reagent.6  /OMgl 

NCCH2C02C2H5  - »  NCCH=C  - > 

x(JL/2!a5 


3  Zaugg  and  Lauer,  Anal.  Chem., 

4  Zaugg  and  Horrom,  Anal.  Chem 


20,  1022  (1948). 

20,  1026  (1948);  Hochstein,  J.  Am.  Chem.  ooc 


71‘  Corwin  and  Ellingson,  J.  Am.  Chem.  Soc.,  64,  2098  (1942). 
6  Blaise,  Compt.  rend.,  132,  978  (1901). 
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?MgI  /OMgl  h20 

c2h5cch=c  — ►  ch3ch2coch2co2c2hs 

X)C2H5 

The  synthesis  is  satisfactory  only  with  the  Grignard  from  an  alkyl 
iodide.  Apparently  the  bromomagnesium  enolates  are  not  sufficiently 
soluble  to  allow  the  second  phase  of  the  condensation  to  proceed  in  a 
satisfactory  manner. 

Attention  may  be  directed  to  the  pyrroles,  which  decompose  Grignard 
reagents  to  yield  magnesium  derivatives  capable  of  undergoing  reactions 
characteristic  of  Grignard  reagents.  Thus  5-carbethoxy-2, 4-dimethyl- 
pyrrole  is  produced  in  a  58%  yield  by  treating  2,4-dimethylpyrrole 
with  ethylmagnesium  bromide  and  then  adding  ethyl  chloroformate  to 
the  reaction  mixture  (OS  II,  198). 
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This  reaction  illustrates  the  interesting  fact  that  halomagnesium  deriva¬ 
tives,  produced  by  the  reaction  of  pyrroles  with  Grignard  reagents, 
behave  toward  many  types  of  compounds  as  though  the  magnesium  were 
attached  to  a  carbon  atom  in  the  2  position. 

Production  of  Hydrocarbons  by  Alkylation.  Compounds  such  as  allyl 
bromide  and  benzyl  chloride,  which  contain  very  reactive  halogen 
atoms,  frequently  are  alkylated  by  interaction  with  RMgX. 


CH2=CHCH2Br  +  RMgX 
C6H5CH2C1  +  RMgX 


RCH2CH=CH2  +  MgXBr 
C6H5CH2R  +  MgXCl 


The  important  method  of  Lespieau  and  Bourguel  (OR  5,  22)  is  based 
on  this  reaction.  2,3-Dibromopropene  (p.  149)  reacts  with  n-butylmag- 
nesium  bromide,  for  example,  to  give  a  bromoheptene,  which  is  con¬ 
verted  to  1-heptyne  by  the  action  of  alkali. 


Hr 


C4H9MgX  +  BrCH2C=CH2 


Hr 

C4H9CH2C=CH2 


c5h„c=ch 


2,3-Dibromopropene  has  been  alkylated  similarly  by  cyclohexyl  benzvl 
and  n-heptyl  Grignard  reagents  (OS  I,  186).  J  y  ’  y1, 

«-Halo  ethers  are  alkylated  readily.  A  synthesis  of  olefins  from 
<x,/3-dibromo  ethers  (p.  144)  depends  on  this  type  of  reaction. 
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Esters  of  sulfuric  and  sulfonic  acids  resemble  alkyl  halides  in  this 
respect  (p.  584).  n-Propylbenzene,  for  example,  is  made  in  a  yield  of 
75%  by  the  interaction  of  benzylmagnesium  chloride  and  ethyl  sulfate 
(OS  I,  471). 

C6H5CH2MgCl  +  2(C2H5)2S04  - ► 

C6H5CH2CH2CH3  +  C2H5C1  +  (C2H5S04)2Mg 

Similarly,  isodurene  is  formed  in  a  60%  yield  by  treating  mesitylmag- 
nesium  bromide  with  methyl  sulfate  (OS  II,  360). 

CH3 

CH3^ZT/>MgBr  +  2(CH3)22 * * S *04  - ► 

CH3 

ch3 

CH3^  ^CH3  +  CH3Br  +  (CH3S04)2Mg 
CH3 


Also,  n-amylbenzene  is  made  in  a  yield  of  59%  from  benzylmagnesium 
chloride  and  n-butyl  p-toluenesulfonate  (OS  II,  47). 

A  useful  application  of  this  method  is  found  in  alkylation  by  means  of 
7-chloropropyl  sulfonates,  an  example  being  the  preparation  of  1-chloro- 
4-phenylbutane  from  benzyl  chloride.7 

2RS03CH2CH2CH2C1  +  C6H5CH2MgCl  - ► 

C6H5CH2CH2CH2CH2C1  +  C1CH2CH2CH2C1  +  (RS03)2Mg 

The  synthesis  of  hydrocarbons  of  the  type  R4C  can  be  accomplished 
in  yields  of  25-50%  by  treating  a  tertiary  alkyl  halide  with  a  dialkyl 
zinc.  An  example  is  3,3-dimethylpentane.8 


2  CH3-CCI  +  (C2H5)2Zn  - ►  2(CH3)2C(C2H5)2  +  ZnCI2 

C2Hr/ 


3,3-Diethylpentane  has  been  made  in  a  similar  way.9 

2(C2H5)3CC1  +  (C2H5)2Zn  - ►  2(C2H5)4C  +  ZnCl2 

Sodium  acetylide  reacts  with  alkyl  halides  in  liquid  ammonia  to 
yield  acetylenic  hydrocarbons,  as  is  illustrated  by  the  synthesis  of  1- 

hexyne.10 

CH3CH2CH2CH2Br  +  NaC=CH - >  CH3CH2CH2CH2ChCH  +  NaBi 


7  Rossander  and  Marvel,  J.  Am.  Chem.  Soc.,  60,  1491  (1928). 

8  Noller,  ./.  Am.  Chem.  Soc.,  61,  594  (1929). 

8  Horton,  J.  Am.  Chem.  Soc.,  69,  182  (1947). 

10  Henne  and  Greenlee,  J.  Am.  Chem.  Soc.,  67,  484  (1945). 
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This  type  of  reaction  is  useful  only  with  primary  alkyl  halides;  second¬ 
ary  and  tertiary  halides  undergo  extensive  dehydrohalogenation,  yield¬ 
ing  the  corresponding  olefins.11 

Production  of  Hydrocarbons  by  Coupling.  Certain  inorganic  halides 
tend  to  couple  the  alkyl  groups  of  the  reagent.  Thus  cupric  chloride 
converts  benzylmagnesium  chloride  largely  to  bibenzyl. 

2C6H5CH2MgCl  +  2CuC12  - ¥ 

C6H5CH2CH2C6H5  +  2CuCl  +  2MgCl2 

Silver  bromide  is  particularly  effective;  by  its  use  high  yields  have  been 
obtained  of  coupling  products  such  as  biphenyl,  bianisyl,  n-octane,  and 
bicyclohexyl.12 

2RMgX  +  2AgBr  - »  R-R  +  2Ag  +  2MgXBr 

Other  metal  salts  have  been  used  also.  In  all  cases  the  salt  acts  as  an 
oxidizing  agent. 

Very  reactive  organic  halides  may  also  bring  about  coupling.  For 
example,  benzyl  chloride  reacts  with  methylmagnesium  iodide  under 
favorable  conditions  to  give  about  75%  yields  of  bibenzyl.13 

2C6H5CH2C1  +  2CH3MgI - ►  C6H5CH2CH2C6H5  +  C2H8  +  2MgICl 

A  certain  amount  of  alkylation  is  also  observed. 

C6H5CH2C1  +  CH3MgI  - >  C6H5C2H5  +  MgICl 

Most  of  the  coupling  reactions  of  the  latter  type  involve  benzyl  halides 
or  their  derivatives.  Benzal  chloride  and  benzotrichloride  are  interest¬ 
ing  examples.  With  methylmagnesium  iodide  they  yield,  respectively 
stilbene  chloride  and  tolan  tetrachloride.14  ,  espectively, 

2C6H5CHC12  +  2CH3MgI  - ► 

C6H5CHC1CHC1C6H5  +  CH3CH3  +  2MgICl 
2C6H5CC13  +  2CH3MgI  - > 


l  iil  1-A  (  12('( 'hCrdh-,  -f  CH3CH3  -f-  2MgICl 

Such  coupling  reactions  are  promoted  by  the  presence  of  certain 
alides  such  as  cobaltous  chloride.  An  extremely  interesting  example  is 
formation  of  hexestrol  dimethyl  ether  by  the  action  of  Grignard 

“  Hennion>  Vogt,  and  Nieuwland,  J.  Ora .  Chem  2  1  n<wn 

12  Bickley  and  Gardner,  J.  Ora.  Chem  5  m  i  nt!  A  \  (  937)> 

J.  Am.  Chem.  Soc.,  51,  3375  (1929)  ’  "  ’  ^arc^ner  and  Borgstrom, 

“Ftison,  J.  Am.  Chem.  Soc.,  48,  2681  (1926). 

Uson  and  Ross,  J.  Am.  Chem.  Soc.,  55,  720  (1933). 
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reagents  in  the  presence  of  a  halide  of  cobalt,  nickel,  or  iron  on  the 
bromide  obtained  by  adding  hydrogen  bromide  to  anethole.15 


2CH30<^  ^CHCH2CH, 

Br 


CH30 


OCH, 


It  is  remarkable  that  hindered  benzoyl  chlorides  undergo  this  type  of 
coupling  also;  from  mesitoyl  chloride  and  methylmagnesium  iodide, 
mesitil  is  obtained.16 


2MesCOCl  +  2CH3MgI  - ►  MesCOCOMes  +  CH3CH3  +  2MgICl 

Azo  compounds  react  with  the  Grignard  reagent  in  a  peculiar  manner; 
each  nitrogen  atom  takes  up  MgX,  and  the  alkyl  groups  couple  or  un¬ 
dergo  disproportionation.17 

C6H5N=NC6H5  +  2RCH2CH2MgX  - ¥ 

C6H5N - NC6H5  +  2RCH2CH2  • 

MgX  MgX 

2RCH2CH2  •  - ►  RCH2CH2CH2CH2R  (coupling) 

2RCH2CH2  •  - y  RCH2CH3  +  RCH=CH2  (disproportionation) 


Other  Organometallic  Compounds 

Grignard  reagents  serve  in  the  production  of  a  wide  variety  of  other 
organometallic  derivatives,  two  general  procedures  being  available.  If 
the  compound  sought  is  more  reactive  than  the  Grignard  reagent,  it 
can  be  generated  by  the  action  of  the  appropriate  metal  on  the  Grignard 
reagent  jf  the  desired  organometallic  compound  is  less  reactive  than 
the  Grignard  reagent,  it  can  be  obtained  by  the  interaction  of  the 
Grignard  reagent  with  the  proper  metal  halide.  Zinc  chloride  and 
phenylmagnesium  bromide,  for  example,  yield  diphenylzinc. 

2C6H5MgBr  +  ZnCl2  - ♦  (C6H5)2Zn  +  MgBr2  +  MgCl2 


Alkyl  and  Aryl  Halides 

Halogens  cleave  RMgX  compounds  as  follows. 

RMgX  +  I2  — ►  RI  +  MgXI 

»  Kharasch  and  Kleiman,  J.  Am.  C/(cm.  -SVjf  66,  40l  (  l!)43). 
»  Fuson  and  Corse,  J.  Am.  Chem.  Soc.,  60,: 2063  (1J38). 
u  Gilman  and  Bailie,  J.  Org.  Chem.,  2,  84  (1937). 


ALCOHOLS 


1G1 


This  reaction  gives  excellent  yields  of  iodo  compounds  and  provides  a 
method  for  getting  them  from  the  corresponding  chloro  or  bromo  com¬ 
pounds.  Propyl  bromide,  isoamyl  chloride,  bromobenzene,  and  p-bro- 
motoluene  afford  the  corresponding  iodo  derivatives  in  yields  of  80%. 


Alcohols 


The  Grignard  reagent  has  been  employed  to  prepare  a  wide  variety 
of  alcohols.  The  reagent  is  most  useful  for  tertiary  alcohols  but  serves 
also  in  the  synthesis  of  primary  and  secondary  alcohols.'  When  a  Gri¬ 
gnard  reagent  is  exposed  to  air  or  oxygen,  oxygen  is  absorbed  and  chemi¬ 
luminescence  is  observed;  the  formation  of  p-chlorophenylmagnesium 
bromide  is  accompanied  by  a  particularly  intense  glow.  The  reaction 
is  a  complex  one  and  seems  to  consist  of  the  following  steps. 

RMgX  +  02  - >  R02MgX 

R02MgX  +  RMgX  - >  2ROMgX 

From  the  alkoxide  so  formed  the  alcohol  is  obtained  by  treatment  with 
dilute  acids.18 


ROMgX  +  HX  - ►  ROH  +  MgX2 


The  absorption  of  oxygen  is  very  rapid,  and  when  oxidation  is  not 
desired  cai  e  must  be  taken  to  exclude  air  from  the  apparatus  containing 
the  reagent.  This  is  generally  done  by  using  ether  as  solvent;  the 
blanket  of  ether  vapor  prevents  the  oxygen  from  entering 

Aliphatic  reagents  lead  to  60-80%  yields  of  the  corresponding  alcohols 

but  this  transformation  has  little  or  no  synthetic  value,  since  the  halides 

used  in  preparing  the  reagents  themselves  are  generally  made  from  the 
alcohols. 


In  the  aromatic  series  where  the  reaction  might  be  useful  it,  is  much 

ZewCa°vmP  TW  7  “sfactory  yields  of  Panels  being  obtained  in 
ay.  The  reaction  is  most  satisfactory  with  Grignard  reagents 

w  ich  are  able  to  act  as  reducing  agents,  the  aryl  Grignard  reagents 
being  very  poor  m  this  respect*  However,  if  a  mixture  of  an  IrvlCrt. 
gnar  reagent  and  a  suitable  alkyl  Grignard  reagent  is  oxidized  the 
peroxide  from  the  aromatic  compound  is  reduced  bv  the  alkvl  r  ■  ’  i 
reagent  and  satisfactory  yields  of  phenols  may  be  obtied  Fo 
Pie.  oadalion  of  l-mphthyl„TO|unl  bromide  "Tft,  ~  ™i 

bromide  (m,i„mio«l  |„  ,«,s)  „fcdS  »  70% 

“  £°ebeI  a,nd  “arvel.  J-  Am.  Chem.  Soc.,  66,  1693  (1933) 

Kharasch  and  Weinhouse,  J.  Org.  Chem.,  1,  209  (1936).' 
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yield  of  1-naphthol,  the  yield  with  the  aryl  Grignard  reagent  alone 
being  only  25%. 20 

Ci0H7MgBr  -f-  O2  - i  Ci0H7O2MgBr 

CioH702MgBr  +  (CH3)2CHMgBr  - > 

C10H7OMgBr  +  (CH3)2CHOMgBr 


Sulfur,  like  oxygen,  reacts  additively  with  the  Grignard  reagent,  the 
products  being  mercaptans  or  thiophenols.  Rubber  stoppers  normally 
contain  uncombined  sulfur,  and  if  the  reagent  is  allowed  to  come  into 
contact  with  them,  the  product  will  be  contaminated  with  unpleasant¬ 
smelling  sulfur  derivatives. 

Primary  Alcohols.  The  Grignard  reagent  serves  to  great  advantage 
in  building  up  carbon  chains.  When  formaldehyde  is  employed,  the 
next  higher  alcohol  is  formed. 

ROH  - >  RX  - y  RMgX  - y  RCH2OMgX  - y  RCH2OH 

n-Octyl  and  undecyl  alcohols  may  be  made  from  their  next  lower  homo¬ 
logs  in  this  way.  Cyclohexylcarbinol  is  obtained  from  cyclohexyl 
chloride  in  a  69%  yield  by  this  method  (OS  I,  188). 

When  it  is  desired  to  lengthen  a  carbon  chain  by  two  carbon  atoms, 

ethylene  oxide  is  used. 


HO 

RMgX  +  CH2-CH2  - ►  RCH2CH2OMgX  — ►  RCH2CH2OH 

The  reaction  appears  to  involve  the  intermediate  formation  of  a  complex 
between  ethylene  oxide  and  a  magnesium  halide.21 


CH 


2\ 


o 


CH/ 


MgX2 


_  2 


An  example  is  the  preparation  of  1-hexanol  (OS  I,  306;  62%  yield) 
Phenethyl  alcohol  is  made  industrially  from  phenylmagnesmm  chlo- 

ride  (d.  131)  and  ethylene  oxide. 

Although  trimethylene  oxide  (OS  29,  92)  reacts  to  form  primary 
alcohols,  it  has  not  found  general  application  in  the  lengthening  of  car¬ 
bon  chains;  the  yields  are  not  high,  and  the  oxide  has  been  a  relative ly 

rare  reagent.  ^  h20 

CH2CH2CH20  +  RMgX  - >  RCH2CH2CH2OM gX  ► 

,  Z  I  nnri  OTJ  rUT  rUT 


-  Kharasch  and  Reynolds,  J.  Am.  65,  501  (1943). 

21  Huston  and  Agett,  J ■  Org.  Chem.,  6,  123  (1J41). 
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Secondary  Alcohols.  Aldehydes,  other  than  formaldehyde,  combine 
readily  with  Grignard  reagents  to  give  alkoxides  from  which  secondary 
alcohols  are  obtained  by  hydrolysis. 


OMgX 


H20 


OH 


RCHO  +  R'MgX  - >  RCHR'  — ►  RCHR' 

The  reaction  is  used  primarily  to  produce  alcohols  in  which  the  two 
radicals  are  different.  An  example  is  methylisopropylcarbinol,  one  of 
the  very  few  low-molecular- weight  alcohols  not  available  in  quantity; 
it  is  made  in  a  54%  yield  from  acetaldehyde  and  isopropylmagnesium 
bromide  (OS  II,  406). 

The  preparation  of  ra-chlorophenylmethylcarbinol  from  acetaldehyde 
and  m-bromochlorobenzene  can  be  accomplished  in  a  yield  of  88% 
(OS  28,  28). 


Br 

MgBr 

CH,CL 

A 

CH3CHO 

Uci_ ' 

"V 

Cl 

h2o 


ch3choh 


Cl 


V 


Cl 


A  T  y’  ^Penten-^oi  18  Produced  m  an  86%  yield  from  croton- 
aldehyde  and  methylmagnesium  chloride  (OS  27,  65). 

CH3CH=CHCHO  +  CHaMgCl  - >  CH3CH=CHCHCH3 

OMgCl 

CH3CH=CHCHCH3 

OH 

IV HT  £“ «e!“  of "" "■®"1  » a. 


OMgBr 

C6H5CHC2H5  -r'IsCH0, 


C6H5CHO  +  C2H5MgBr  — 

C6H5CH2OH  +  C6H5COC2H, 

ti«  0(7."  M  condensation  re.o 

and  th.  other  reM„„  j,  add ”  Wood 
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Esters  of  formic  acid  have  often  been  compared  to  aldehydes.  Like 
aldehydes,  they  react  with  the  Grignard  reagent  to  yield  secondary 
alcohols.  An  example  is  the  synthesis  of  di-n-butylcarbinol  from  n-bu- 
tylmagnesium  bromide  and  ethyl  formate  (OS  II,  179);  the  yield  is 
85%.  Thus  formates  are  useful  in  producing  secondary  alcohols  which 
are  symmetrical. 

Propylene  oxide,  which  is  available  commercially,  reacts  with  Grignard 
reagents  in  a  manner  similar  to  that  indicated  for  ethylene  oxide,  the 
products,  however,  being  secondary  alcohols. 

O  OMgX  OH 

CH3CH-CH2  +  RMgX  - ►  CH3CHCH2R - >  CH3CHCH2R 


It  is  a  general  rule,  first  recognized  by  Krassusky,  that  monosubstituted 
ethylene  oxides  react  with  Grignard  reagents  so  as  to  leave  the  oxygen 
atom  on  the  more  highly  substituted  carbon  atom  of  the  original  oxide. 
Opening  of  epoxide  rings  by  unsymmetrical  reagents  usually  proceeds 
in  such  a  way  as  to  yield  the  alcohol  with  the  greatest  degree  of  branch¬ 
ing  at  the  carbinol  atom.  An  exception  is  the  addition  of  methanol  to 
3 ,4-epoxy- 1  -butene ,  which  can  be  made  to  proceed  in  either  of  the  two 
possible  ways  by  proper  selection  of  the  catalyst.22 

OH 

CH2=CHCHCH2OCH3 
o  /NaOCHa 

ch2=chch-ch2  +  CH3OH 

\h2so4  0CH3 
ch2=chchch2oh 


Special  mention  should  be  made  of  the  fact  that  2-  and  4-pieohne  and 
similar  compounds  having  active  methyl  groups  can  be  employed  in 
svnthesis  by  virtue  of  their  capacity  of  yielding  lithium  derivatives  when 
treated  with  organolithium  compounds  such  as  phenylhthium.  Thus 
2-picoline  can  be  condensed  with  acetaldehyde  to  yield  l-(2-pyndy  )-  - 
propanol  (OS  23,  83;  50%  }deld). 


/X 


C6H5Li 
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CH3 


CH3CHO 
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CH2Li 
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N 


CH2CHCH3 
OH 


22  Kadesch,  J.  Am.  Chem.  Soc., 
70,  926  (1948). 


68,  41  (1946);  Bartlett  and  Ross,  J .  Am.  Chem.  Soc., 
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Tertiary  Alcohols.  Ketones  are  converted  to  tertiary  alcohols  by  the 
Grignard  method.  In  practice  this  method  of  making  tertiary  alcohols 
is  limited  to  those  in  which  the  three  radicals  are  different.  An  example 
is  the  synthesis  of  ethylmethylphenylcarbinol  from  acetophenone  and 
ethylmagnesium  bromide. 

Esters  generally  lead  to  the  formation  of  tertiary  alcohols,  in  which  at 
least  two  of  the  radicals  are  alike.  The  method  is  of  great  synthetic 
value.  Thus  from  ethyl  acetate  and  phenylmagnesium  bromide  it  is 
possible  to  obtain  a  75%  yield  of  methyldiphenylcarbinol  (OS  I,  226). 
Ethyl  carbonate  affords  tertiary  alcohols  in  which  all  three  radicals 
are  alike.  An  example  is  triethylcarbinol,  which  is  formed  in  an  88% 
yield  from  ethylmagnesium  bromide  and  ethyl  carbonate  (OS  II,  602). 

Monobasic  acids  contain  one  active  hydrogen  atom  and  react  to  give 
one  mole  of  hydrocarbon  and  a  salt,  which  in  turn  may  act  with  any 
excess  reagent  to  yield  a  carbinol.  This  method  is  not  attractive  because 
it  is  wasteful  of  the  reagent.  Acid  chlorides  react  very  rapidly  with 
Grignard  reagents  to  yield  tertiary  alcohols. 

Since  aryl  chlorides  do  not  form  Grignard  reagents  readily,  whereas 
they  do  react  smoothly  to  yield  aryl  lithium  derivatives,  the  latter  often 
may  be  employed  to  advantage  when  the  aryl  chloride  is  more  readily 
accessible  than  the  corresponding  bromide. 


Similarly,  aryl  sodium  derivatives  are  often  to  be  recommended  In 
preparing  triphenylcarbinol  from  ethyl  benzoate  and  chlorobenzene, 
magnesium  is  nearly  useless,  whereas  sodium  gives  a  very  good  yield 
The  reaction  is  carried  out  by  treating  a  mixture  of  the  ester  and  the 
chloride  with  metallic  sodium.  By  this  procedure  4-chlorobiphenyl  and 
ethyl  carbonate  afford  a  40%  yield  of  tribiphenylcarbinol  (OS  23  95) 
The  tertiary  alcohols  obtained  from  aryl  Grignard  reagents  and  cyclo- 
.  anone  and  its  derivatives  are  of  particular  interest  because,  by  suc- 
essive  dehydration  and  dehydrogenation,  they  furnish  biaryls'  The 
method  is  especially  valuable  for  the  preparation  of  unsymmetrieal 

biaryls  such  as  l-phenylnaphthalene  (OS  24,  84),  which  may  be  nro 
duced  in  an  over-all  yield  of  45%.  '  e  pi°" 
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which  are  valuable  in  the  Reformatsky  reaction  (OR  1,  1).  It  usually 
involves  the  condensation  of  an  a-halo  ester  with  an  aldehyde  or  ketone 
by  the  aid  of  metallic  zinc  and  yields  a  0-hydroxy  ester.  An  example  is 
the  formation  of  ethyl  0-hydroxy-0-phenylpropionate  from  benzaldehyde 
and  ethyl  bromoacetate  (OS  21,  51);  the  yield  is  64%. 

C6H5CHO  +  BrCH2C02C2H5  +  Zn  - ¥ 

OZnBr  OH 

C6H5CHCH2C02C2H5  —4  c6h5chch2co2c2h5 


Although  ethyl  bromoacetate  is  the  usual  reagent,  other  a-halogen 
esters,  particularly  the  bromo  esters,  can  serve  also.  For  example, 
ethyl  a-bromoisobutyrate  is  employed  to  make  ethyl  0-hydroxy-a,a:-di- 
methylbutyrate  from  acetaldehyde. 


ch3 

CH3CHO  +  BrC-C02C2H5  +  Zn 

ch3 

BrZnO  CH3 

CH3CHC-C02C2H5  +  HX 
CH3 


BrZnO  CH3 
¥  CH3CHC-C02C2H5 

ch3 

HO  CH3 

■¥  CH3CHC-C02C2H5  +  ZnXBr 
CH3 


Frequently  the  hydroxy  ester  is  not  isolated,  the  product  being  the 
corresponding  unsaturated  ester,  formed  presumably  by  dehydration  of 
the  hydroxy  ester.  An  illustration  is  the  preparation  of  ethyl  sorbate 
from  zinc,  crotonaldehyde,  and  ethyl  bromoacetate. 

CH3CH=CHCHO  +  BrCH2C02C2H5  +  Zn  - ► 

OZnBr  OH 

CH3CH=CHCHCH2C02C2H5 - >  CH3CH=CHCHCH2C02C2H5  > 

ch3ch=chch=chco2c2h5 


Application  of  the  Reformatsky  method  to  ketones  is  illustrated  by 
the  preparation  of  ethyl  /3-hydroxy-/3-phenylbutyrate  from  zinc,  aceto¬ 
phenone,  and  ethyl  bromoacetate.  OZnBr 

7n  I 

C6H5COCH3  +  BrCH2C02C2H5  - ¥  C6H5C-CH2C02C2H5  ¥ 

CH3 

OH 

C6H5C-CH2C02C2H5 

ch3 
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The  use  of  zinc  in  the  Reformatsky  method  has  the  advantage  that 
the  organozinc  intermediate  has  little  tendency  to  attack  ordinary 
esters.  This  fact  makes  the  method  possible;  otherwise,  the  organozinc 
compound  would  be  unstable,  since  it  contains  groups  which  would 
interact.  It  is  true  that  a  few  esters  can  be  used  instead  of  aldehydes 
or  ketones,  but  these  are  formates,  oxalates,  or  a-alkoxy  esters — com¬ 
pounds  in  which  the  ester  carbonyl  group  possesses  unusually  high 
activity.  An  extremely  interesting  example  is  the  condensation  of 
ethyl  bromoacetate  with  ethyl  formate.  The  expected  aldehyde  ester 
is  not  obtained;  under  the  conditions  of  the  experiment  it  trimerizes  to 
give  ethyl  trimesate. 

OZnBr 


C2H5OCHO  +  BrCH2C02C2H5 


Zn 


C2H502C 


C02C2H5 


co2c2h5 


c2h5ochch2co2c2h5 

h° 

0CHCH2C02C2H5 


Iodo  esters  have  also  been  employed  in  the  Reformatsky  reaction. 
Chloro  esters  likewise  will  undergo  the  condensation  if  copper  powder 
is  added.23 

7-Halocrotonic  esters,  being  vinylogs  of  the  haloacetic  esters,  might 
be  expected  to  serve  in  Reformatsky  reactions  likewise.  Reactions  of 
this  type  are  known,  one  of  which  involves  the  condensation  of  ethyl 
7-iodocrotonate  with  p-chlorobenzaldehyde.24 


cl<xZD>CHQ  +  ICH2CH=CHC02C2H5 


Zn 


Cl< 


>chch2ch=chco2c2h5 


OH 


C1^3^CH=CHCH=CHC02C2H; 


Tertiary  amides  of  bromoacetic  acid  have  given  satisfactory  results 
n  the  Reformatsky  reaction,  an  example  being  the  condensation  of 
cyclohexanone  with  N.N-diethylbromoacetamide  “  f 


fO 


V 


+  BrCH2CON(C2H5)2 


j'GH  2C'on  (C2H5). 

V 


Nieuwland  and  Daly, ./.  Am.  Chem.  See.,  53,  1842  (1931) 
Fuson,  Arnold,  and  Cooke,  J.  Am.  Chem.  Soc  60  2272  (10381 
26  Drake,  Eaker,  and  Shenk,  ./.  Am.  Chem.  Soc.  70 (lS 
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Aldehydes  and  Ketones 

Methods  have  been  developed  by  which  the  reaction  of  the  Grignard 
reagent  with  an  acid  chloride  or  anhydride  may  be  interrupted  in  such 
a  way  as  to  lead  to  the  formation  of  carbonyl  compounds.  One  of  these 
methods  employs  a  temperature  of  —70°.  When  a  Grignard  reagent  is 
allowed  to  react  with  acetic  anhydride  at  this  temperature,  the  cor¬ 
responding  methyl  ketone  is  formed  in  excellent  yields.26 

(CH3C0)20  +  RMgX  - >  CH3COR  +  CH3C02MgX 


Primary  and  secondary  amides  have  active  hydrogen  and  decompose 
the  reagent.  Satisfactory  yields  of  ketones  may  be  obtained  from  them, 
however,  by  use  of  three  or  four  equivalents  of  reagent  and  long  periods 
of  heating.  Benzamide,  for  example,  reacts  with  benzylmagnesium 
chloride  to  afford  a  77%  yield  of  desoxybenzoin.27  3,5-Dimethoxyphenyl 
propyl  ketone  is  formed  in  a  yield  of  88%  from  3,5-dimethoxybenzamide 
and  propylmagnesium  bromide.28 

Ketones  can  also  be  made  from  tertiary  amides.  In  all  these  cases  the 
intermediate  addition  products  are  stable  and  can  be  isolated,  vhich 
explains  why  the  reaction  can  be  stopped  at  the  ketone  stage. 


RCONR2  +  R'MgX 


/ 


RR'C 


OMgX 


RCOR'  +  MgXNR2 


NNR$ 


The  stability  of  these  adducts  recalls  the  fact  that  aldehyde-ammonias 
are  more  stable  than  the  corresponding  1,1-dihydroxy  compounds 

(p.  371).  .  f  1 1 

Formamides  of  the  type  HCONR2  lead  to  the  production  of  alde¬ 
hydes.  Because  of  the  formation  of  by-products  this  method,  develops 

by  Bouveault,  gives  at  best  yields  not  above  50%.29 

A  similar  method,  employing  organolithium  derivatives,  has  been 
found  to  be  suitable  for  preparing  certain  aromatic  aldehydes.  i,b- 
Dimethoxy-4-methylbenzaldehyde,  for  example,  can  be  made  in  a  55% 
yield  by  condensing  2,6-dimethoxy-4-methylphenylhthium  w ith  N-met  i- 
ylformanilide.30 

26  Newman  and  Smith,  J.  Org.  Chem.,  13,  592  (1948). 

22  Jenkins,  J.  Am.  Chem.  Soc.,  55,  703  (1933)* 

-  Suter  and  Weston,  J.  Am.  Chem.  Soc  61 _232 Nichols,  J.  Org. 
»  Smith  and  Bayliss,  J ■  Org.  Chem.,  6,  437  (U«J,  Bmlln  a 

Chem.,  6,  489  (1941).  e  70  2120  11948) 

3«  Adams  and  Mathieu,  J.  Am.  Chem.  Soc.,  70,  2120  (1 J  8). 
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och3  och3 

Cll3<f  +  C6H5NCHO  - >  CH3^%%CIIO  +  C6H5NLi 

X=OCH3  CH3  OCH3  CHs 

Ethoxymethyleneaniline,  obtained  by  treating  the  silver  salt  of 
formanilide  with  ethyl  iodide,  reacts  with  Grignard  reagents  to  produce 
aldehydes. 


C6H5N=CHOAg  +  CH3CH2I  - ►  C6H5N=CHOCH2CH3  +  Agl 


C6H5N=CHOCH2CH3 


CeH5MgBr 


*  C6H5CHO 


Of  the  many  methods  of  preparing  aldehydes  from  Grignard  reagents 
this  is  perhaps  the  most  satisfactory.29 

Another  route  to  the  aldehydes  is  provided  by  the  method  of  Bodroux 
and  Chichibabin,  which  involves  the  condensation  of  a  Grignard  reagent 
with  an  orthoformic  ester.  An  example  of  its  use  is  the  preparation  of 
caproxaldehyde  from  amylmagnesium  bromide  and  ethyl  orthoformate 
(OS  II,  323;  50%  yield). 


CjHuMgBr  +  CH(OC2H5)3  - >  C5HuCH(OC2H5)2  +  C2H5OMgBr 

C5HuCH(OC2H5)2  +  H20  -H2S°4 >  C5HnCHO  +  2C2H5OH 

9-Phenanthrenecarboxaldehyde  can  be  made  from  the  corresponding 
bromo  compound  in  a  similar  way  (OS  28,  83;  42%  yield).  Ortho- 
carbonic  esters,  similarly,  may  serve  in  the  preparation  of  ketones. 

C(OR)4  +  2R'MgX  - >  R2'C(OR2)  +  2MgXOR 

R2'C(OR)2  +  H20  —  °S  R2'CO  +  2ROH 

fr,Ihe  nTw  rea§ent  reaCtS  with  nitriles  t0  imine  derivatives 

:MVlrh,k%neS  are  f0rmed  by  hydroIysis.  the  method  being  ap- 

An  exles?  af  Pha  “tnleS  m  which  the  hydrocarbon  radical  is  primary. 
An  excess  of  reagent  improves  the  yields.**  An  example  is  the  prepara- 

78%  yieldreth0XyaCet°Phen0ne  fr°m  methoxyacetonitrile  (OS  21,  79; 

NMgBr 


C6H5MgBr  +  CH3OCH2CN  — >  C6H5CCH2OCH; 


h2o 


31  See  Hauser,  Humphlett,  and  Weiss, 


C6H5COCH2OCH3 

J.  Am.  Chem.  Soc.,  70,  426  (1948). 
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Aromatic  nitriles  that  have  no  ortho  substituents  also  undergo  the 
reaction. 

The  Blaise  method  for  making  ketones  consists  in  the  interaction  of 
an  acid  chloride  and  an  alkylzinc  iodide. 

RCOC1  +  RZnI  - ►  RCOR  +  ZnICl 


The  alkylzinc  iodide  reacts  with  acid  chlorides  but  not  with  esters. 
For  this  reason  the  method  is  useful  in  the  preparation  of  keto  acids,  an 
example  being  4-acetyl-3,5-dimethylbenzoic  acid.  Esterification  of 
2,6-dimethylterephthalic  acid  with  methanol  in  the  presence  of  hydro¬ 
chloric  acid  affects  only  the  unhindered  carboxyl  group,  yielding  the 
acid  ester.  The  acid  chloride  of  the  acid  ester  reacts  with  methylzinc 
iodide  to  yield  methyl  4-acetyl-3,5-dimethylbenzoate,  which  is  readily 
hydrolyzed  to  the  desired  acid.32 
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ch3^ch3 
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The  reactivity  of  a  group  is  diminished  by  steric  hindrance.  Thus 
the  ester  group  in  ethyl  isobutyrate  appears  to  be  less  reactive  than  an 
unhindered  nitrile  group.  Benzonitrile  can  be  condensed  with  ethyl 
a-bromoisobutyrate  by  the  action  of  zinc  in  a  manner  analogous  to  the 

Reformatsky  reaction.33 

ch3  ch3 

C6H5CN  +  BrZnCC02C2H5  - ►  C6H5C0CC02C2H5 

CH3  ch3 


The  general  rule  that  organozinc  compounds  are 
the  corresponding  magnesium  compounds  is  further 
fact  that  the  dialkyl  derivatives  can  be  handled  in 
carbon  dioxide.  The  zinc  compounds,  widely  used 
erally  have  been  superseded  in  synthetic  work  by 


less  reactive  than 
illustrated  by  the 
an  atmosphere  of 
before  1900,  gen- 
magnesium  com¬ 


pounds. 

32  Bull  and  Fuson,  /.  Am.  Chem.  Soc.,  56,  3421  (1933). 

33  Horeau  and  Jacques,  Bull.  soc.  chim.,  68  (19  ). 
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Organocadmium  compounds  are  somewhat  less  reactive  than  organo- 
zinc  compounds  and  have  proved  to  be  more  useful  in  the  synthesis  of 
ketones  (CR  40,  15).  The  cadmium  compounds  are  made  simply  by 
adding  cadmium  chloride  to  an  organomagnesium  bromide.  Yields  are 
lower  when  the  cadmium  compound  is  made  from  an  organomagnesium 
iodide.34  This  method  is  illustrated  by  the  synthesis  of  methyl  7-keto- 
f-methylcaprylate  from  0-carbomethoxypropionyl  chloride  and  diiso- 
amylcadmium  (OS  28,  75). 


2(CH3)2CHCH2CH2MgBr  +  CdCl2  - ► 

[(CH3)2CHCH2CH2]2Cd  +  MgBr2  +  MgCl2 

[(CH3)2CHCH2CH2]2Cd  +  2C1C0CH2CH2C02CH3  - » 

2(CH3)2CHCH2CH2C0CH2CH2C02CH3  +  CdCl2 


The  yield,  based  on  the  acid  chloride,  is  75%. 

Anhydrides  have  been  used  also.  Phthalic  and  succinic  anhydrides 
yield  keto  acids.35 


Carboxylic  Acids 

Condensation  of  Grignard  reagents  with  carbon  dioxide  leads  to  the 
formation  of  the  corresponding  acids. 


RMgX  -J-  C02 


RC02MgX  RC02H 


The  reaction  is  carried  out  by  adding  gaseous  or  solid  carbon  dioxide  to 
the  solution  of  Grignard  reagent.  Low  temperature  is  necessary  to 
prevent  transformation  of  the  salt  into  a  tertiary  alcohol.  Presumably 

the  carbmol  is  formed  by  way  of  the  ketone.  It  has  been  reported  in 

act,  that  considerable  amounts  of  diethyl  ketone  can  be  isolated  from 

dtvfde  f,°  reaKCtion,betyeen  ethylmagnesium  bromide  and  carbon 
de.  Solid  caibon  dioxide  not  only  serves  as  reactant  but  acts  as  a 

refrigerant  as  well.  Some  experimenters  prefer  to  pour  the  reagent 
solution  on  the  solid  carbon  dioxide.  eagent 

The  Grignard  synthesis  affords  a  general  method  of  obtaining  acids 
from  the  corresponding  alkyl  and  aryl  halides.  Its  utility  can  best  be 
appreciated  by  reference  to  the  limitations  of  the  nitrile  method  (n  1 271 

sr<,rj°srT? 

„  <?lI™an  and  Nelson.  trav.  chim.,  65,  518  (1936) 
de  Bonneville,  J.  Org.  Chem.,  6,  462  (1941). 
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nitrile  synthesis  makes  possible  the  conversion  of  aryl  halides  to  car¬ 
boxylic  acids. 

Among  the  acids  that  are  conveniently  made  by  the  Grignard  method 
are  trimethylacetic  (OS  I,  524;  70%  yield),  methylethylacetic  (OS  I, 
361;  86%  yield),  1-naphthoic  (OS  II,  425;  70%  yield),  and  mesitoic 
acids  (OS  21,  77;  61%  yield). 

Alkyl  and  aryl  sodium  compounds  combine  with  carbon  dioxide  to 
yield  sodium  salts  of  acids.  For  example,  carbon  dioxide  converts 
methylsodium  to  sodium  acetate. 

CH3Na  +  C02  - ►  CH3C02Na 


Certain  olefins,  such  as  trans- stilbene,  are  capable  of  combining  with 
metallic  sodium  (p.  46)  and  can  be  converted  to  the  corresponding 
sodium  succinates  by  subsequent  treatment  of  the  disodium  derivative 
with  carbon  dioxide.36 


C6H5CH=CHC6H5 


C6H5CHNa  2CQ2 
C6H5CHNa  " 


C6H5CHC02Na 

C6H5CHC02Na 


Occasionally  esters  are  made  directly  by  use  of  the  Grignard  reagent. 
Thus  1-naphthylmagnesium  bromide  can  be  caused  to  react  with  ethyl 
carbonate  to  give  a  73%  yield  of  ethyl  1-naphthoate  (OS  II,  282). 
This  is  an  example  of  the  so-called  inverse  Grignard  reaction ,  in  which 
the  Grignard  reagent  is  added  to  the  other  reactant,  thus  keeping  the 
latter  in  excess  at  all  times. 

Lithium  derivatives  are  useful  for  carboxylation  of  active  methyl 
groups  in  heterocyclic  compounds  such  as  2-  and  4-picohne,  the  luti- 
dines,  quinaldine,  and  2-methylthiazole.  Thus  2-pyridylacetic  acid  is 
made  by  the  following  procedure  (OS  29,  44). 


C6H5Li  + 


/\ 


/As 


\  // 

N 


CFb 


/\ 


C02 


\  // 

N 

/A 


CH2Li 


+  GeHg 


// 

N 


CHoLi  then  HC1  k  JCH2C02H 

N 


It  may  be  noted  here  that  the  reaction  of  sulfur  dioxide  with  Grignard 
reagents  is  analogous  to  that  of  carbon  dioxide,  sulfimc  adds  bei  g 

produced. 

RMgX  +  S02  — 

»  Schlenk,  Appcnrodt,  Michael,  and  Thai,  Ber.,  47,  473  (1914). 


RS02MgX  — >  RS02H 
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Allylic  Rearrangements 

In  a  few  condensations  with  Grignard  reagents  of  the  allyl  type, 
rearrangement  leading  to  isomers  of  the  expected  products  has  been 
observed.  Thus  benzylmagnesium  chloride  condenses  with  formalde¬ 
hyde  to  yield  o-tolylcarbinol  instead  of  the  normal  product,  phenethyl 
.  alcohol. 

It  has  been  shown  also  that,  when  benz3dmagnesium  chloride  is 
treated  with  ethyl  sulfate,  the  n-propylbenzene  which  is  formed  is  con¬ 
taminated  with  small  amounts  of  p-ethyltoluene.37  The  allylic  rear¬ 
rangement  involved  is  remarkable  in  that  it  is  a  1,5  rather  than  the 
usual  1,3  shift. 

Carbonation  of  benzylmagnesium  chloride,  however,  gives  the  normal 
product,  phenylacetic  acid.  Cinnamylmagnesium  chloride,  on  the  other 
hand,  yields  the  rearrangement  product,  2-phenyl-3-butenoic  acid. 

C6H5CH=CHCH2MgCl  - >  C6H5CHCH=CH2 

C02H 

Similarly,  the  Grignard  reagent  prepared  from  crotyl  bromide,  when 
treated  with  carbon  dioxide,  gives  only  2-methyl-3-butenoic  acid.38 

CH3CH=CHCH2Br  —  M*>  CH3CHCH=CH2 

then  C02  1 

co2h 

The  product  corresponds  to  the  secondary  structure  of  the  carbanion. 

CH3CH=CHC!H2  < — 1  CH3CHCH=CH2 

The  sodium  derivative  generated  from  1,4-pentadiene  by  treatment 
with  sodium  amide  reacts  with  carbon  dioxide  to  produce  divinylacetic 


CH2=CHx 

CHNa 

CH2=CHr 


CH2=CHn 

chco2h 

ch2=ch/ 


However,  a  rearrangement  product  (61%  yield)  has  been  reported  » 

ch2=chx 

CH2=CH/CHNa  - *  CH2=CHCH=CHCH2C02H 


l  TBUrtlepn,d  Shriner’  J-  Am ■  Chem ■  Soc 69>  2059  (1947) 

»  p“”f’  R“^r^’,and  Y°Ung>  J ■  Am'  Chem-  Soc.,  66,  543  (1944) 
ul  and  Tchelitchcff,  Compl.  rend.,  224,  1118  (1947). 
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Reducing  Action  of  the  Grignard  Reagent 


In  certain  instances  Grignard  reagents  react  with  carbonyl  compounds 
as  reducing  agents.  This  type  of  behavior  is  usually  associated  with 
steric  hindrance,  occurring  with  carbonyl  compounds  in  which  the  func¬ 
tional  group  is  highly  hindered.  The  complexity  of  the  radical  of  the 
reagent  is  also  a  contributing  factor.  An  example  is  the  reduction  of 
diisopropyl  ketone  by  isopropylmagnesium  bromide. 


CH3\  /CH3 

CHCOCH 

CH/  xCH3 


+  (CH3)2CHMgBr  - ► 

OMgBr 

CH3x  |  /CH3 

CHCHCH 

CH/  nCH3 


+  CH3CH=CH2 


The  reducing  power  of  a  reagent  is  related  to  the  nature  of  the  radical 
involved.19  The  accompanying  table  lists  a  number  of  radicals  together 
with  the  amount  of  reduction  caused  by  the  corresponding  Grignard 
reagent  when  allowed  to  react  with  benzophenone. 


Radical 

Reduction  (%) 

CH3CH2- 

2 

CII3CH2CH2- 

58 

CH3CH2CH2CH2- 

59 

ch3 

>chch2- 

ch3 

91 

CH2CH2 

1  >CH- 

CH2CH2 

94 

CH3CH2CH- 

6h3 

40 

ch3 

>chch2ch2- 

ch3 

30 

C6H5CH2CH2- 

33 

C6H5CH2CH2CH2- 

20 

CH2CH2 

ch2<  >ch- 

CH2CH2 

7 

ch2=chch2- 

ca.  5 

The  data  given  in  the  table  show  that  the  amount  of 
increases,  reaching  a  maximum,  and  then  falls  o  . 


reduction  at  first 
This  behavior  is 
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ascribed,  not  to  a  reducing  tendency  which  increases  and  then  decreases, 
but  to  a  constantly  increasing  reducing  tendency,  on  which  is  super¬ 
imposed  a  more  rapidly  increasing  speed  of  addition.19 

Isopropylmagnesium  bromide  converts  cyclohexanone  to  cyclohexanol 
in  a  75%  yield.  Benzyl  alcohol  is  obtained  in  a  56%  yield  by  the  action 
of  isobutylmagnesium  bromide  on  benzaldehyde.  It  has  been  reported 
that  pivalaldehyde  is  reduced  extensively  by  ^-butylmagnesium  bro¬ 
mide. 

It  must  be  added,  however,  that  a  convenient  method  for  preparing 
pivalaldehyde  (30%  yield)  is  by  the  action  of  ^-butylmagnesium  chloride 
on  methyl  formate  at  —  40°.40  Chloral  gives  a  53%  jdeld  of  trichloro- 
ethyl  alcohol  when  treated  with  cyclohexylmagnesium  bromide.41 

It  is  very  remarkable  that  the  allyl  type  of  reagent  combines  with 
ketones  too  highly  hindered  to  behave  normally  toward  other  types  of 
Grignard  reagents.  A  striking  example  is  the  addition  of  the  butenyl 
reagent  to  diisopropyl  ketone.  The  product,  obtained  in  85%  yields,  is 
chiefly  that  derived  from  the  secondary  form  of  the  reagent.42 


(CH3)2CHCOCH(CH3)2 


CH3CH=CHCH2MgBr 


OH 

>  (CH3)2CHCCH(CH3)2 

ch3chch=ch2 


The  very  great  tendency  of  the  butenyl  reagent  to  form  a-methylallyl 
derivatives  can  be  overcome  by  the  introduction  of  hindrance  at  the 

carbonyl  group,  as  is  shown  by  the  fact  that  hexamethylacetone  yields 
only  the  crotyl  derivative.43 


(CH3)3CCOC(CH3)3 


(CH3)3Cx  /OH 

c 

(CH3)3CX  xCH2CH=CHCH3 


In  this  connection  must  be  mentioned  a  highly  unusual  reaction  which 
occurs  when  a  mixture  of  ethyl  pivalate  and  i-butyl  chloride  is  treated 
with  metallic  sodium.  The  chief  products  are  di-f-butylcarbinol  and 

examethy  acetone."  A  small  amount  of  tri-f-butylcarbinol  forms  also 
Other  highly  branched  carbinols  have  been  made  by  this  type  of  con 
densation.  The  mechanism  involved  in  these  changes  is  not  yet  known 
The  suggestion  that  f-butylsodium  is  formed  and  then  combines  with 

0  Campbell,  J.  Am.  Chem.  Soc.,  59,  1980  (1937). 

41  Floutz,  J.  Am.  Chem.  Soc.,  65,  2255  (1943). 

«  vv7ng  a"d,R°bertS’  J  Am'  Chem"  Soc'<  67-  319  (1945) 

..  H  HJn(;  7te'  and  Young’  J-  Am-  CW  Soc.,  72,  218  (1950) 

Bartlett  and  Schneider,  J.  Am.  Chem.  Soc.,  67,  141  (1945) 
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a  carbonyl  compound  is  supported  by  the  earlier  observation  that  iso- 
propyllithium  reacts  additively  with  diisopropyl  ketone  to  yield  tri- 
isopropylcarbinol.45 

(CH3)2CHCOCH(CH3)2  ■CH,)2C1ILl)  [(CH3)2CH]3COH 
No  carbinol  of  this  type  has  ever  been  made  by  the  Grignard  method. 

45  Young  and  Roberts,  J.  Am.  Chem.  Soc.,  66,  1444  (1944). 


CHAPTER  VIII 


THE  ETHER  LINKAGE 


When  two  carbon  atoms  are  united  by  an  oxygen  atom,  the  structural 
unit  characteristic  of  ethers  results.  The  ethers  may  be  linear  or  cyclic 
and  include  olefin  oxides  such  as  ethylene  oxide.  Acetals  may  be  re¬ 
garded  as  bifunctional  ethers  and  include  cyclic  members  such  as  1,3-di- 
oxolane  and  1,3-dioxane. 


R-O-R 


Ether 


o 

ch2-ch2 


Ethylene 

oxide 


ro-ch2-or 


Acetal 


o 

/  \ 

ch2  ch2 

ch2 — o 

1,3-Dioxolane 


O 


CH2  CH; 

ch2  o 

\  / 

ch2 

1,3-Dioxane 


RO-CH-OR 

OR 

Ortho  ester 


OR 

R-OC-OR 

OR 

Orthocarbonic 

ester 


In  ortho  esters  of  ordinary  carboxylic  acids  a  carbon  atom  is  joined  to 
three. others  by  ether  linkages.  The  ortho  carbonates  form  a  special 
class  in  which  a  carbon  atom  takes  part  in  four  ether  linkages. 

t  would  be  possible  to  include  esters  and  lactones  as  well  as  anhy- 
dndes  in  the  category  of  ethers,  they  being  formulated  as  keto  or  diketo 

?  V  0  0 

R-C-OR  CH2CH2C-0-CH2 


Ester 

(a-Keto  ether) 


Lactone 
(a-Keto  ether) 


RC-O-CR 

Anhydride 
(a, a '-Diketo  ether) 


Coordination 

electronpahH  e^they  are  coo'd'  “T®1™  only  an  msharec 

P  ’  ’  th6y  are  conation  reactions.  In  these  processes 
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the  oxygen  atom  serves  as  a  base  and  the  product  is  an  oxonium  com¬ 
pound.  The  power  of  the  oxygen  atom  to  form  oxonium  compounds 
would  be  expected  to  be  a  measure  of  its  electron  density.  From  the 
table  of  relative  electron-releasing  and  electron-attracting  powers  of 
groups  it  is  possible  to  predict  that  the  donor  capacity  of  the  oxygen 
atom  of  the  ether  linkage  will  fall  off  progressively  in  the  following  order. 

1O1  1O1  1O1 

R-O-R  >  R-O-Ar  >  Ar-O-Ar  >  RC-O-R  >  RC-O-CR 


Cleavage 


In  addition  to  acting  as  a  donor  the  ether  linkage  may  suffer  fission 
of  a  carbon-oxygen  bond,  i.e.,  undergo  cleavage.  As  would  be  expected, 
this  linkage  is  not  readily  attacked  by  basic  reagents,  but  is  sensitive 


to  acids. 

The  usual  procedures  for  effecting  cleavage  involve  acidic  media,  the 
most  common  reagent  being  concentrated  hydriodic  acid.  This  is  the 
reagent  which  is  employed  in  the  Zeisel  method  of  determining  alkoxyl 
groups.  The  usefulness  of  this  acid  is  attributed  to  its  relatively  high 
dissociation  constant,  its  rather  good  solvent  properties,  and  the  high 
concentration  of  acid  obtainable  at  the  boiling  point. 

Constant-boiling  hydrobromic  acid  (48%)  (OS  I,  26)  is  a  superior 
reagent  for  ether  cleavage.  It  serves,  for  example,  to  con\eit  guaiacol  to 
catechol  in  a  yield  of  87%  (OS  I,  150). 


/Noh 


V 


och3 


+  HBr 


OH 

OH 


+  CH3Br 


A  mixture  of  48%  hydrobromic  acid  and  acetic  acid  has  become  widely 
used  where  hydriodic  acid  was  found  to  bring  about  undesirable  side 

reactions.1 

The  idea  that  oxonium  compounds  are  formed  as  intermediates  is  in 
accord  with  the  fact  that  the  stronger  acids  are  the  most  effective 
cleavage  agents.  Also,  it  explains  the  observation  that  zinc  and  alu- 

minum  halides  are  effective  cleavage  agents.  . 

One  of  the  most  effective  methods  of  cleaving  aliphatic  ethers  involves 

the  use  of  zinc  chloride.  In  the  presence  of  this  catalyst  and  3, 5-dim  10- 
benzoyl  chloride,  aliphatic  ethers  yield  the  corresponding  3  5-d.n.tro- 
benzoates.  For  example,  ethyl  ether  forms  ethyl  3,5-d.mtrobenzoa  . 


i  See  John  and  Gunther,  Ber.,  72,  1649  (1939). 

*  Underwood,  Baril,  and  Toone,  J.  Am.  Chem.  Soc.,  62,  40S7  (1J3U). 
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When  benzoyl  chloride,  tetrahydrofuran,  and  zinc  chloride  are  heated 
together,  the  ether  ring  is  opened  and  4-chlorobutyl  benzoate  is  formed 
(OS  29,  30).  The  yield  of  chloro  ester,  based  on  the  benzoyl  chloride, 
is  83%. 

CH2 - CH2  ZnCl2 

|  I  +  C6H5C0C1  - A  C6H5C02CH2CH2CH2CH2C1 

CHo  CH2 

\  / 

0 

When  acetic  anhydride  is  employed,  a  diacetate  forms.3 
Tetrahydrofurfuryl  alcohol  yields  a  triacetate  (OS  29,  89). 


ch2 — ch2 

ch2  chch2oh 

\  / 

0 


ZnCl2 

+  2(CH3C0)20  - 4 


ch2— ch2 

ch2  CHOCOCHa 

ch3co2  ch2ococh3 


Hydrogen  chloride  alone  transforms  tetrahydrofuran  into  tetramethyl- 
ene  chlorohydrin  (OS  II,  571;  57%  yield).  Also,  tetrahydropyran  is 
cleaved  by  a  mixture  of  48%  hydrobromic  acid  and  concentrated  sul¬ 
furic  acid,  the  product  being  1,5-dibromopentane  (OS  23,  67;  82% 
yield). 

Certain  ethers  are  decomposed  readily  by  acid  catalysts  to  yield  alde¬ 
hydes,  an  example  is  ethyl  triphenylmethyl  ether,  which  yields  tri- 
phenylmethane  and  acetaldehyde.4 


(C6H5)3COCH2CH, 


(C6H5)3CH  +  CH3CHO 


Acetals  and  ketals,  which  have  two  ether  linkages  attached  to  the 
same  carbon  atom,  are  much  more  reactive  than  simple  ethers.  In  the 
presence  of  acidic  catalysts  they  are  readily  hydrolyzed  to  the  corre- 
sponding  carbonyl  compounds.  On  this  account,  aldehydes  may  be 
protected  by  transforming  them  to  acetals,  which,  unlike  aldehydes 
are  stable  in  a  kahne  media  (p.  228).  A  striking  example  is  the  saponifi¬ 
cation  of  the  ketal  of  acetoacetic  ester;  the  product  after  decarboxyla- 
tion  of  the  acid  is  diethyl  ketal.  y 

Certain  acetals,  notably  the  dioxolanes,  are  difficult  to  cleave  even 

.-trioxafe'e  eT T'-  ^  ^  connection>  may  be  mentioned  that 
s  tnoxane,  a  cyclic  tnmer  of  formaldehyde,  has  the  structure  of  a  formal 

s  ma  e  in  a  60%  yield  by  heating  paraformaldehyde  with  concern 

3  Wilson,  J.  Chem.  Soc.,  48  (1945). 

4  Norris  and  Young,  J.  Am.  Chem.  Soc .,  62,  753  (1930). 
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trated  sulfuric  acid.  It  is  remarkably  stable  to  heat  and  is  hydrolyzed 
very  slowly  by  boiling  with  dilute  mineral  acids.5 

Ortho  esters,  as  would  be  expected,  are  still  more  sensitive  to  acidic 
reagents,  being  readily  hydrolyzed  to  ordinary  acids.  The  interaction 
of  orthoformic  ester  and  carbonyl  compounds  to  produce  ketals  (p.  369) 
is  another  indication  of  their  reactivity.  Similarly,  they  are  attacked 
readily  by  Grignard  reagents  (p.  169),  whereas  acetals  and  ethers  are 
generally  resistant  to  this  type  of  reagent. 

Ketals  may  lose  a  molecule  of  alcohol  to  yield  enol  ethers.  For  exam¬ 
ple,  the  ketal  from  acetophenone  and  ethanol,  formed  in  almost  quanti¬ 
tative  yields  by  the  use  of  ethyl  orthoformate,  undergoes  decomposition 
when  heated  at  atmospheric  pressure  to  yield  ethanol  and  the  O-ethyl 
ether  of  acetophenone.  The  enol  ether  in  turn  rearranges  to  butyro- 
phenone  when  heated  at  its  boiling  point  under  2-atmosphere  pressure. 


OC2H5  oc2h5  0 

c6h5cch3  ~CiH>on  >  c6h5c=ch2  — ►  c6h5cch2ch2ch3 

oc2h6 

Claisen’s  rearrangement  of  ethers,  which  is  similar,  will  be  considered  at 
a  later  point  (p.  327). 

Ethyl  orthophenylacetate  undergoes  thermal  decomposition  to  yield 
the  diethylacetal  of  phenylketene.6 

C6H5CH2C(OC2H5)3  - ►  C6H5CH=C(OC2H5)2  +  C2H5OH 


However,  this  method  of  making  ketene  acetals  is  not  general. 

Ethers  of  phenols  are  cleaved  by  alkalies,  the  ease  of  cleavage  increas¬ 
ing  with  the  acid  strength  of  the  phenol  from  which  the  ether  is  derived. 
Ethers  of  strongly  acidic  phenols  may,  in  fact,  be  compared  to  esters 
with  respect  to  many  of  their  reactions.  These  two  classes  of  com¬ 
pounds  differ  from  ordinary  ethers  in  that  one  of  the  radicals  attached 
to  the  ether  oxygen  atom  is  electron  poor  and  therefore  vulnerable 

the  attack  of  nucleophilic  agents.  .  .  .  , 

Anisole  reacts  very  sluggishly  with  alkalies,  undergoing  partial  hy- 
,  1  of  180-200°  2  4-Dinitroanisole,  on  the  other  hand,  is  con- 

verled  to  2,4-dinitrophenol  by  boiling  for  one  hour  with  one  equivalent 
of  potassium  hydroxide  in  ethanol. 

.  Walker  and  Carlisle,  Ini.  Eng.  Chcm.,  News  Ed.  21  12M)  (1943). 

.  staudinger  and  Rathsam,  Helv.  Chtm.  Acta,  5,  045  (1922). 
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och3 

/\n02 

V 

no2 


+  h2o 


KOH 

- ► 


OH 


no2 


+  CH30H 


Alcoholysis  can  be  effected  likewise,  being  readily  achieved  with  aryl 
ethers  that  are  sensitive  to  attack  by  nucleophilic  reagents.  Thus 
2,4-dinitrophenyl  ethers  undergo  alcoholysis  when  heated  with  alcohols 
in  the  presence  of  alkalies.  The  methanolysis  of  2,4-dinitrophenyl 
phenyl  ether  is  illustrative.7 


oc6h5 


no2 

KOH 

A 

+  CH30H 

- > 

no2 

NO 

och3 
no2 


+  c6h5oh 


Ethylene  Oxide.  Ethylene  oxide  is  a  particularly  interesting  type  of 
ether  because  of  the  size  of  the  ring  and  the  attendant  strain.  As  would 
be  expected,  this  compound  undergoes  hydrolysis  readily,  yielding 
ethylene  glycol.  With  alcohols,  it  gives  h}rdroxyethyl  derivatives. 
From  ethyl  alcohol  cellosolve  is  formed. 


O 

ch3ch2oh  +  ch2-ch2 - >  CH3CH2OCH2CH2OH 

Methylcellosolve  and  butylcellosolve  are  made  in  a  similar  way. 

When  cellosolve  is  condensed  with  ethylene  oxide,  the  product  is 
carbitol. 

0 

<  'H3CH2OCH2CH2OH  +  ch2-ch2  - > 


l  h3^h2U(JH2CH2OCH2CH2OH 

Methylcarbitol  and  butylcarbitol,  also  well  known,  are  produced  in  an 
analogous  manner.  The  cellosolves  and  carbitols  have  a  very  wide 
ge  of  solvent  power,  being  capable  of  dissolving  nearly  all  types  of 

organic  compounds,  including  oils  and  greases  and  at  Z  . 
soluble  in  water  i„  „ff  , “  gieases,  and  at  the  same  time  are 

greatly  extended  hv  th  ^  U?  °f  alcohols  as  solvents  has  been 
radical  ®  msertlon  of  one  or  more  ether  linkages  in  the 


7  Ogata  and  Okano,  J.  Am.  Chem. 


Soc.,  71,  3211,  3212  (1949). 
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Diethylene  glycol  is  produced  by  condensing  ethylene  glycol  with 
ethylene  oxide. 

0 

HOCH2CH2OH  +  CH2-CH2  - ►  HOCH2CH2OCH2CH2OH 

_  / 

Triethylene  and  polyethylene  glycols,  formed  in  a  similar  way,  are  used 
in  the  industry.  Carbowax  has  the  formula 

H0[CH2CH20]xCH2CH20H 

in  which  the  value  of  x  varies  from  20  to  140.8 

Ammonia  reacts  with  one,  two,  or  three  molecules  of  ethylene  oxide 
to  yield  ethanolamine,  diethanolamine,  and  triethanolamine,  respec¬ 
tively. 

O 

NH3  +  CH2-CH2  - y  HOCH2CH2NH2  — y 

(HOCH2CH2)2NH  - y  (HOCH2CH2)3N 

These  substances  are  strong  bases,  their  salts  with  the  fatty  acids  being 
excellent  detergents. 

/3-Diethylaminoethyl  alcohol,  an  intermediate  in  the  synthesis  of 
procaine,  is  made  by  condensing  ethylene  oxide  with  diethylamine  in 
methanol  at  40-60°. 

c2h5x  A  c2h5V 

NH  +  CH2-CH2  - >  NCH2CH2OH 

c2h/  c2h/ 

Thiodiglycol,  which  has  served  in  the  synthesis  of  mustard  gas,  is 
formed  by  the  condensation  of  ethylene  oxide  with  hydrogen  sulfide, 
jS-hydroxyethylmercaptan  being  an  intermediate. 

O  0^ 

ch2-ch2  +  h2s  — ►  hoch2ch2sh  +  ch2-ch2 - ► 

HOCH2CH2SCH2CH2OH 

Hydrogen  halides  also  open  the  ethylene  oxide  ring.  When  ethylene 
oxide  is  passed  into  a  46%  hydrobromic  acid  solution  in  the  cold,  ethyl¬ 
ene  bromohydrin  is  produced  in  a  92%  yield  (OS  I,  117). 

0-PropioIactone.  Another  example  of  the  effect  of  strain  is  found  in 
i8-propiolactone  (p.  393).  Because  of  the  strain,  this  lactone  undergoes 
reactions  in  which  the  “ether”  linkage  is  cleaved  on  the  side  away  from 

8  McClelland  and  Bateman,  Ind.  Enq.  Chem.,  News  Ed.,  23,  247  (1945). 
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the  carbonyl  group.  For  example,  it  reacts  with  sodium  chloride  to 
produce  sodium  /?-chloropropionate.9 

CH2CH2  NaC|  - ,  ClCH2CH2C02Na 

O— C=0 

Similarly,  sodium  acetate  yields  sodium  /3-acetoxypropionate.10 

CH2-CH2  CH  co  Na - ¥  CHsC02CH2CH2C02Na 

O - C=0 

The  opening  of  7-lactone  rings  with  alcohols  usually  does  not  occur 
since  the  resulting  hydroxy  esters  are  unstable,  reverting  at  once  to 
lactones.  However,  /3-propiolactone  undergoes  ring  opening  with  alco¬ 
hols.  In  the  presence  of  basic  catalysts  the  products  are  hydroxy  esters, 
whereas  without  a  catalyst  or  with  an  acidic  catalyst,  alkoxy  acids  are 

form  pH  11 


ROH  + 


CH2CH2 


hoch2ch2co2r 


0— c=o 


)  \ 

H+\ 


roch2ch2co2h 


The  d-lactone  made  from  crotonaldehyde  and  ketene  in  the  presence 
of  boron  fluoride  undergoes  ring  opening  to  yield  sorbic  acid. 


ch3ch=chch  +  ch2 

A  11 

o  c=o 


bf3 


ch3ch=chch-ch2 

I  I 

o — c=o 


ch3ch=chch=chco2h 

nnf“  UnUSUal  lactone  react'on  occurs  when  phthalide  is  heated  with 
potassium  cyanide  to  produce  the  potassium  salt  of  o-earboxyphenyl- 
acetomtnle  (OS  22,  30).  The  yield  of  the  cyano  acid  is  83% 


'  A/ 


CH; 


/ 

CO 


o  +  KCN 


180c 


^\ch2cn 

AAc02K 


^)CH2CN 

AJco2h 


TZy’a  Ams  ChZ  **• 70' 999 

11  Gresham,  Jansen  Shaver  S  S°C-’  7°'  1003  (1948). 

(1948).  '  hhaVCr-  Gregory-  and  Beears,  J.  Am.  Chan.  Soc.,  70,  1004 


CHAPTER  IX 

CARBON  MONOXIDE  IN  SYNTHESIS 

Because  of  its  availability  at  relatively  low  cost  and  its  reactivity, 
carbon  monoxide  is  an  attractive  raw  material  for  industrial  purposes 
and  has  found  a  number  of  important  applications  in  synthetic  work. 
Before  considering  the  synthetic  developments  it  will  be  helpful  to 
consider  the  structure  of  the  carbon  monoxide  molecule. 

It  is  now  generally  agreed  that  the  formula  of  carbon  monoxide  is 
correctly  represented  by  the  following  structure:  iC=Oi  .  Carbon  mon¬ 
oxide  has  almost  no  dipole  moment  (p.  278)  (0.12),  whereas  the  C=0  in 
ketones  and  aldehydes  has  a  moment  of  2.3  and  the  single  C-0  link  one 
of  0.7.  (The  moments  are  expressed  in  terms  of  the  unit  10-18  e.s.u.) 
Thus  the  structure  C=0  would  have  a  moment  of  2  or  3.  In  the  struc¬ 
ture  i  C=0 1  an  opposing  effect  results  from  the  transfer  of  electrons,  and 
the  result  is  that  the  molecule  has  a  very  small  moment. 

The  other  important  divalent  carbon  compounds  are  the  isonitriles, 
RNC.  The  values  of  the  dipole  moments  of  various  members  of  the 
class  have  been  determined  and  found  to  be  in  accord  with  the  predic¬ 
tions  based  on  the  formula  R-N=C  I . 

It  is  interesting  that  the  cyanide  ion,  the  nitrogen  molecule,  and 
carbon  monoxide  are  isosteric,  i.e.,  they  all  have  the  same  arrangement 
of  electrons.  Moreover,  in  view  of  the  unexpected  stability  of  carbon 
monoxide,  it  is  significant  that  the  nitrogen  molecule  is  very  stable. 

iN=N  i  [iC=N  i]~~  i  CIO  i 


The  Methanol  Process 

The  production  of  methanol  by  hydrogenation  of  carbon  monoxide 
made  this  alcohol  as  cheap  as  ethyl  alcohol  and  also  furnished  in  com¬ 
mercial  quantities  a  number  of  alcohols  that  were  previously  rare  and 
expensive.  The  process  consists  in  the  treatment  of  carbon  monoxide 
with  hydrogen  in  the  presence  of  a  zinc  chromite  catalyst  at  about  450 

and  3000-lb.  pressure. 

-4  CH3OH 


CO  +  2H2 
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The  amount  of  methanol  produced  in  the  United  States  in  1947  was 
80,000,000  gal.1  The  formation  of  traces  of  higher  alcohols  occurs  also 
and  is  difficult  to  suppress.  By  addition  of  alkali  metal  or  iron  salts 
to  the  catalyst,  formation  of  the  higher  alcohols  is  favored.  They  are 
prepared  in  quantity  in  this  way. 

The  chief  products  of  the  methanol  process  are  the  following  alcohols. 


Primary  alcohols 


COH 

Methanol 

c-COH 

Ethanol 

c-C-COH 

1-Propanol 

c-C-COH 

Isobutyl  alcohol 

I 

C 

c-c-C-COH 

2-Methyl- 1-butanol 

1 

C 

c-c-c-C-COH 

i 

-2-Methyl- 1-pentanol 

C 

c-c-c-C-COH 

2,4-Dimethyl- 1-pentanol 

c  C 

Secondary  alcohols 
C-C-c  2-Propanol 

OH 

C-C-C— c  3-Methyl-2-butanol 

C  OH 

c-C-C - C-c  2,4-Dimethyl-3-pentanol 

C  OH  C 


As  is  indicated  by  the  use  of  capital  and  lower-case  letters  for  carbon 
atoms  the. more  complex  alcohols  may  be  derived  from  the  simple  ones 
I  he  following  generalizations  have  been  made.2 


1. 

2. 


Higher  alcohols  are  produced  by  intermodular  dehydration  of 
tvo  lower  alcohol  molecules. 


The  dehydration  involves  removal  of  hydrogen  either  from  the 
hydroxylated  carbon  atom,  thus  producing  secondary  alcohols 


Hastens,  Dudley,  and  Troeltzsch,  Ind.  Eng.  Chem. 
u  raves,  Ind.  Eng.  Chem.,  23,  1381  (1931) 


40,  2230  (1948). 
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(except  in  the  case  of  methanol),  or  from  the  carbon  atom  adjacent 
to  it. 

3.  Hydrogen  is  removed  more  readily  from  a  CH2  than  from  a  CH3 
group  and  is  not  removed  at  all  from  a  CH  group. 

The  origin  of  2-methyl- 1-pentanol  and  3-methy  1-2-butanol,  for  exam¬ 
ple,  would  be  represented  as  follows. 


c-c-c 


oh  H  C-COH 

- i 

C 

n-Propyl  alcohol 


C-C-C  H  ho 

i  i 


C  OH 

Isobutyl  Methanol 
alcohol 


c-c-c-C-COH 

i 

C 

2- Methyl-l-pentanol 

C-C-C-c 

i  i 

C  OH 

3- Methyl-2-butanol 


The  Fischer-Tropsch  Synthesis 

The  Fischer-Tropsch  synthesis,  developed  in  Germany  for  the  produc¬ 
tion  of  hydrocarbon  fuel,  was  one  of  the  most  important  processes  cap¬ 
tured  by  the  Allies  in  World  War  II.  It  has  been  estimated  that  its  use 
would  double  the  fuel  supply  in  this  country.  It  converts  synthesis  gas 
(CO  +  2H2)  at  pressures  from  1  to  10  atmospheres  into  a  hydrocarbon 
mixture  consisting  chiefly  of  normal  paraffins  and  olefins.  Two  principal 
types  of  catalysts  have  been  employed.  One  is  made  up  chiefly  of  co¬ 
balt  and  operates  best  in  the  temperature  range  240-320  °.3 

The  composition  of  the  immediate  product  is  such  that  it  is  unsuitable 
for  use  as  a  high-grade  fuel  and  must  be  reformed  by  cracking  and  de¬ 
hydrogenation.  In  the  patent  literature,  however,  it  is  disclosed  that 
iron  catalysts,  reduced  with  hydrogen  at  650-850°,  afford  a  product 
consisting  chiefly  of  branched-chain  hydrocaibons. 

The  Oxo  Reaction 

An  aldehyde  synthesis,  disclosed  in  a  patent  issued  to  Roelen  in  1943, 
involves  the  combination  of  olefins  with  carbon  monoxide  and  hydrogen 
in  the  presence  of  a  catalyst  containing  cobalt.  Later  work  indicated 
that  the  catalyst  was  dicobalt  octacarbonyl.  It  was  found  that,  when 
this  compound  was  preformed  and  its  solution  added  to  the  reaction 
mixture,  the  addition  of  carbon  monoxide  and  hydrogen  to  the  olefin 

3  Storch,  Ind.  Eng.  Chem.,  37,  340  (1945). 
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occurred  very  rapidly  at  120-125°,  the  pressure  being  100-150  atmos- 
pheres.4 

2-Pentene,  under  these  conditions,  afforded  a  75%  yield  of  the  alde¬ 
hydes  corresponding  to  1-  and  2-pentene. 

ch3ch2ch=chch3  +  co  +  h2  |Co(C0)A  >  CH3(CH2)4CHO, 

CH3CH2CH2CHCH3,  and  CH3CH2CHCH2CH3 


CHO 


CHO 


Under  similar  conditions  allylidene  diacetate  and  ethyl  acrylate  gave 
74-75%  yields  of  succindialdehyde-1, 1-diacetate  and  /3-carbethoxypro- 
pionaldeh}^de,  respectively. 

CH2=CHCH(OCOCH3)2  - ►  CH2CH(OCOCH3)2 


ch2=chco2c2h5 


ch2cho 

ch2co2c2h5 

ch2cho 


In  the  preceding  examples  of  this  reaction,  usually  known  as  the  oxo 
reaction,  the  over-all  result  is  the  addition  of  a  hydrogen  atom  and  a 
formyl  radical  to  an  olefinic  double  bond,  a  change  which  has  been 
called  hydro} 'ormylation.4  It  is  to  be  noted,  however,  that  ketone  forma¬ 
tion  occurs  also. 


RCHCH2R 


2RCH=CHR  +  CO  +  Ho 


->  CO 

RCHCH2R 


The  oxo  reaction  opened  a  new  route  to  the  alcohols,  since,  after  the 
initial  reaction,  it  is  possible  to  vent  the  carbon  monoxide  and  hydro¬ 
genate  the  aldehyde  in  the  presence  of  the  original  catalyst. 

RCH=CH2  +  CO  +  H2  - >  RCHCHa  and  RCH2CH2CHO 

CHO 

RCHCH2OH  and  RCH2CH2CH2OH 
CH3 

„U,!S „reporTtTed  that  the  Germans  utilized  the  oxo  reaction  during 
\VoiId  \Var  II,  producing  alcohols  in  great  variety  from  the  olefinic 
n  rocaibons  made  by  the  Fischer-Tropsch  synthesis  (p.  186). 

n  order  to  obtain  high  yields  of  primary  alcohols,  it  is  best  to  carry 
out  the  condensation  in  liquid  phase  under  a  pressure  of  150-200  atmos- 

4  Adkins  and  Krsek,  J.  Am  Chem.  Soc.,  71,  3051  (1949). 
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pheres  and  at  a  temperature  of  150°.  Carbon  monoxide,  hydrogen,  and 
the  olefin  are  employed  in  equimolecular  amounts  along  with  3-5%  co¬ 
balt,  together  with  smaller  amounts  of  thorium  and  magnesium  oxides 
on  a  kieselguhr  support.  The  catalyst  must  be  reduced  before  use  The 
carbon  monoxide  is  removed,  and  the  second  phase  of  the  operation, 

ydrogenation,  is  carried  out  at  190-200°  under  a  pressure  of  200-250 
atmospheres. 

The  oxo  reaction  has  been  carried  out  with  many  olefins  and  diole¬ 
fins  and  is  applicable  to  other  classes  of  unsaturated  compounds  as 
well.  It  has  been  reported  that  1-dodecene  yields  40%  of  the  expected 
normal  alcohol  and  60%  of  the  corresponding  branched-chain  alcohol, 
CH3(CH2)9CHCH2OH.  Pinene,  camphene,  and  dipentene  yield  car- 

ch3 

binols. 

A  reaction  similar  to  the  oxo  reaction  occurs  when  paraffins  are 
treated  with  carbon  monoxide  in  the  presence  of  aluminum  chloride  and 
hydrogen  chloride.  For  example,  at  80°  and  125  atmospheres,  propane 
gives  isobutyraldehyde,  isobutyl  isobutyrate,  and  2,5-dimethyl-4-hexen- 
3-one,  in  yields  of  5,  44,  and  23%,  respectively.5  Presumably,  the  ini¬ 
tial  product  is  isobutyraldehyde,  which  would  undergo  disproportiona¬ 
tion  to  yield  the  ester.  Aldol  condensation,  followed  by  a  rearrangement 
similar  to  the  isomerization  of  pivalaldehyde  to  methyl  isopropyl  ketone, 
would  produce  the  ketone. 


CH 


3\ 


CH/ 


CH3x  /CH3 

CHCHO  - ►  CHCH2OCOCH 

l/  xCH3 


CH/ 


CH3  OH  ch3 
nchch-ccho 
ch3/  ch3 


CH; 


\ 


CH; 


/ 


ch3 

C-CHCCHO 
CH* 


CH 


3\ 


CH; 

C=CHCOCH 
CH/  XCH3 


Acids  and  Their  Derivatives  from  Carbon  Monoxide 

When  an  olefin  or  an  alcohol  is  mixed  with  steam  and  carbon  monox¬ 
ide  and  passed  under  pressure  (150-200  atmospheres)  and  at  tempera¬ 
tures  near  300°  through  87%  phosphoric  acid  containing  copper  phos- 

6  Pines  and  Ipatieff,  J.  Am.  Chem.  Soc.,  69,  1337  (1947). 
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phate,  aliphatic  acids  are  produced.  Thus  from  ethylene  or  ethyl  alcohol 
propionic  acid  is  obtained. 

ch2=ch2  +  CO  +  h2o  — >  ch3ch2co2h 

This  process,  discovered  in  1936, 6  has  been  modified  considerably  and 
has  been  used  to  produce  acetic  and  propionic  acids  commercially. 
The  industrial  method  for  propionic  acid  involves  treatment  of  carbon 
monoxide  with  ethylene  or  ethyl  alcohol  in  the  presence  of  boron  triflu¬ 
oride  and  water  at  125-130°  and  under  a  pressure  of  800-900  atmos¬ 
pheres.  Acetic  acid  is  made  from  methanol  by  a  similar  procedure. 

The  method  has  been  employed  to  convert  tetramethylethylene  to 
the  corresponding  trimethylbutyric  acid.7  This  acid  is  of  especial  inter- 

ch3  ch3  ch3  ch3 

ch3c=c  — ►  ch3ch— cco2h 

ch3  ch3 

est  because  by  suitable  treatment  it  can  be  reduced  to  triptane  (p.  57). 

Glycolic  acid  is  manufactured  by  a  somewhat  similar  method.  Form¬ 
aldehyde,  water,  and  carbon  monoxide  are  condensed  in  the  presence  of 
sulfuric  acid  and  acetic  acid,  the  reaction  being  complete  in  about  an 
hour  at  160-170°.  Glycolic  acid  has  thus  been  added  to  the  list  of 
simple  organic  acids  that  are  produced  at  low  cost.  If  methanol  is  em¬ 
ployed  instead  of  water,  the  product  is  methyl  glycolate.  Reduction  of 
glycolic  acid  or  a  derivative  furnishes  ethylene  glycol. 

Among  the  many  disclosures  of  Reppe,  whose  work  with  acetylenic 
compounds  was  reported  previously  (p.  71),  was  that  alcohols  can  be 
condensed  with  carbon  monoxide  to  produce  esters,  the  reaction  being 
catalyzed  by  alkali  alkoxides.  For  example,  methyl  formate  is  produced 
liom  methanol  and  caibon  monoxide  under  the  influence  of  sodium 
methoxide. 

CH3OH  +  CO  - >  HC02CH3 

This  reaction  of  carbon  monoxide  recalls  that  of  its  isoster,  acetylene 
(p.  75). 

In  the  presence  of  nickel  carbonyl,  acetylenic  and  olefinic  hydrocar¬ 
bons  take  up  carbon  monoxide  and  water  to  form  carboxylic  acids. 

rom  acetylene,  ethylene,  and  cyclohexene,  for  example,  are  produced 
acrylic  acid,  propionic  acid,  and  hexahydrobenzoic  acid,  respectively. 

c  Hardy,  J.  Chem.  Soc.,  358,  364  (1936). 

7  Ford,  Jacobson,  and  McGrew,  J.  Am.  Chem.  Soc.,  70,  3793  (1948). 
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c2h2  +  CO  +  h2o 
ch2=ch2  +  CO  +  h2o 


Ni(CO)4 

- ►  ch2=chco2h 

Ni(CO)4 

- ►  ch3ch2co2h 


/\ 

I  +  CO  +  h2o 

V 


Ni(CO)4 

- > 


/Nco2h 

\/ 


Dienes  can  be  converted  into  dicarboxylic  acids  by  this  process. 

If  amines  or  alcohols  are  employed  instead  of  water,  the  products  are 
amides  or  esters,  respectively.  Examples  are  the  formation  of  amides 
and  esters  of  acrylic  acid  from  acetylene. 

Ni(CO)4 

C2H2  +  CO  +  RNH2  - 4  ch2=chconhr 

C2H2  +  CO  +  ROH  CH2=CHC02R 

When  hydrogen  is  introduced  and  iron  carbonyl  is  the  catalyst,  alco¬ 
hols  are  formed.  From  ethylene  n-propyl  alcohol  is  produced. 

ch2=ch2  +  CO  +  h2  ^-—-4  CH3CH2CH2OH 

The  process  requires  neither  high  pressure  nor  high  temperature. 

The  technical  production  of  formic  acid  involves  the  condensation  of 
carbon  monoxide  with  sodium  hydroxide  under  pressure  and  at  a 
temperature  of  about  200°. 

CO  +  NaOH  - ¥  HC02Na  - ¥  HC02H 


Cyclic  Polyketones 

The  action  of  potassium  on  carbon  monoxide  produces  the  potassium 
salt  of  hexahydroxybenzene.  OK 

KOr^NoK 

6K  +  6CO  - ¥ 

KOl^OK 

OK 

Hexahydroxybenzene  is  readily  prepared  by  oxidation  of  meso- 
inositol.  _  CO  OH 

/  \oH  HI  HOrAoH 


OH 

ho/Noh 


HO 


(O) 


HOC 


OH 


OH 


HOC  COH 

\  / 

CO 


HO 


OH 


OH 
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Te t rahy dr oxy q uinone ,  formed  by  the  oxidation,  is  then  conveited  by 
means  of  hydrogen  iodide  to  hexahydroxybenzene.8 

Nitric  acid  oxidizes  the  hexahydroxybenzene  to  triquinoyl,  which  is 
isolated  as  the  colorless  octahydrate. 


OH 

HOr^OH 


HO^OH 


OH 


CO 


/ 

hno3  °9 

- ► 

oc 


\ 

CO 

•  8H20 
CO 


When  triquinoyl  is  boiled  with  alkali,  it  yields  croconic  acid,  which  is 
converted  by  oxidation  to  leuconic  acid  tetrahydrate. 


CO  CO 

/  \  / 

OC  CO  koh  oc 

OC  CO  *  oc 


CO 


CCOOK  —4 
OH 


OC 


OC 


CHOH  - ► 


CO 


CO 


CO 

/  v 

OC  \  oxidation  OC 

COH - ► 

OC  S  OC 


CO 
CO 


C=0  •  4HoO 


COH 

Croconic  acid 


CO 

Leuconic  acid 


8  Neifert  and  Bartow,  J.  Am.  Chem.  Soc.,  65,  1770  (1943). 
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CHAPTER  X 


DERIVATIVES  OF  CARBOXYLIC  ACIDS 


Derivatives  of  carboxylic  acids  are  vulnerable  to  attack  by  nucleophilic 
reagents  in  varying  degrees,  depending  on  the  electron  deficiency  of  the 
carbon  atom  of  the  functional  group.  Aqueous  alkalies  and  ammonia 
react  without  a  catalyst,  producing,  respectively,  hydrolysis  and  am- 
monolysis.  Water  and  alcohols  react  less  readily,  often  requiring  a 
catalyst.  Acids  are  effective  catalysts,  presumably  because  they 
enhance  the  electron  deficiency  of  the  reactive  carbon  atom  by  coordina¬ 
tion  with  the  carbonyl  oxygen  atom  or,  in  the  case  of  nitriles,  with  the 
nitrogen  atom.  The  catalyst  reacts  with  esters,  amides,  and  nitriles  as 
follows. 


1O1 

R-C-O-R  +  H+ 


I 

1O1 

R-C-O-R 


1O1 

R-C-NH2  +  H+ 
R-C-N  i  +  h+ 


H 

i 

1O1 

r-c-nh2 


+ 


[R-C=NH] 


+ 


This  chapter  is  concerned  with  the  hydrolysis,  ammonolysis,  alcohol¬ 
ysis,  and  acidolysis  of  various  acid  derivatives.  Space  is  given  also  to 
the  dehydration  of  amides,  an  important  process  for  producing  nitriles. 


Salts 


Salts  are  the  most  stable  derivatives  of  acids,  an  important  factor 
being  the  resonance  stabilization  of  the  carboxylate  ion,  which  may  be 

represented  as  follows. 
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Similarly  the  carbonate  ion  may  be  represented  by  three  structures. 


'<T“ 


0< 

xQJ 


-  // ' 

IO-C 


tt"1- 


Ny- 


_  > 

'QA  s 
.  Vj 


X-ray  measurements  of  carbonates  show  that  the  three  oxygen  atoms 
of  the  carbonate  ion  are  equidistant  from  the  carbon  atom  and  from  each 
other  and  that  all  four  atoms  lie  in  the  same  plane.  This  means  that 
the  three  oxygen-to-carbon  bonds  are  equivalent.  It^has  been  shown 
that  the  distance  between  oxygen  and  carbon  is  1.30  A.  This  value  is 

o 

much  closer  to  that  for  a  double  bond  (1.28  A.)  than  that  for  a  single 
bond  (1.43  A.),  and  is  interpreted  to  mean  that  the  three  bonds  are  the 
same  because  of  resonance. 


Acid  Chlorides  and  Anhydrides 

Acid  chlorides  and  anhydrides  are  the  most  reactive  of  the  acid  deriva¬ 
tives,  being  sensitive  to  the  attack  of  water,  alcohols,  ammonia,  and 
other  donor  molecules.  The  first  step  in  the  reaction  between  acetic 
anhydride  and  methanol  may  be  coordination  of  the  alcohol  oxygen  atom 
with  a  deficient  carbonyl  carbon  atom  of  the  anhydride.  Subsequent 
changes  yield  methyl  acetate  and  acetic  acid. 


lOi  iOi 


CH3-C-O-C-CH3  +  CH3-O-H 


1O1  1O1 

CH3-C-0-C-CH3  — ► 

CH3-0 1  ~ 

I 

H 

I0i_  1O1 

ch3-c-o-ch3  +  H-0-C-CH3 


The  ammonolysis  of  acetyl  chloride  may  be  formulated  in  a  similar  way. 


O 


H 


CH3-C-CI  +  1 N-H 

I 

H 


1O1 

CH3-C-CI 

H-N-H 

1 

H 


1O1 

CH3-C-N-H  +  HC1 

1 

H 


Although  hydrolysis  of  anhydrides  and  acid  chlorides  occurs  readilv  it 
■s  a  type  of  reaction  generally  to  be  avoided.  Alcoholysis  -S’  , 
the  formation  of  esters,  is  widely  employed  in  synthetic  work  K 
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t  ormation  is  effected  in  many  instances  by  allowing  the  alcohol  to  react 
ith  an  acid  chloride  or  anhydride.  This  procedure  is  particularly  useful 
in  the  preparation  of  esters  of  polyatomic  alcohols.  A  familiar  example 
is  the  synthesis  of  glucose  pentaacetate  by  treatment  of  glucose  with 
acetic  anhydride. 

Acid  chlorides  and  anhydrides  form  complexes  with  pyridine,  and  for 
this  reason  pyridine  is  useful  in  bringing  about  ester  formation.  An 
example  is  the  synthesis  of  phenyl  carbonate,  which  is  prepared  in  high 
yields  by  addition  of  phenol  to  the  complex  of  pyridine  with  phosgene. 

COCl2  +  2C5H5N  - ►  COCl2  •  2C5H5N 

COCl2  •  2C5H5N  +  2C6H5OH  - ►  (C6H50)2C0  +  2C5H5N  HC1 

Chlorides  of  aromatic  acids,  being  less  reactive  than  those  of  aliphatic 
acids,  form  esters  less  rapidly.  One  way  of  promoting  reaction  in  such 
cases  is  to  treat  the  mixture  of  alcohol  and  acid  chloride  with  alkali. 
This  is  known  as  the  Schotten-Baumann  method. 

When  an  acid  anhydride  reacts  with  an  alcohol  in  equimolecular 
proportions,  the  product  consists  of  equimolecular  amounts  of  ester  and 

acid-  (RC0)20  +  R'OH  - >  RCO2R'  +  RC02H 

When  applied  to  cyclic  anhydrides,  this  reaction  leads  to  the  formation 
of  half  esters.  Thus  succinic  anhydride  and  methanol  yield  methyl 
hydrogen  succinate  (OS  25,  19). 

CH2-COn  ch2co2ch3 

I  O  +  CH3OH  - 1  I 

CHo-cxy  ch2co2h 

Phenols  also  react  with  acid  chlorides  or  anhydrides  to  form  esters. 
Phenyl  cinnamate,  for  example,  is  made  in  a  75 %  yield  by  treating 
cinnamyl  chloride  with  phenol  (OS  20,  77). 

C6H5CH=CHC0C1  +  C6H5OH  - >  C6H5CH=CHC02C6H5  +  HC1 

Carbonyl  chloride  or  phosgene  reacts  with  alcohols  in  the  cold  to 
produce  alkyl  chloroformates,  which  have  the  properties  of  acid  chlo¬ 
rides.  The  chloroformates,  also  called  chlorocarbonates,  undergo 
alcoholysis  and  ammonolysis  to  yield  carbonates  and  urethans,  respec¬ 
tively.  One  of  the  most  interesting  of  the  chloroformates  is  that  formed 
from  benzyl  alcohol,  benzyl  chloroformate  (OS  23,  13). 

C6H5CH2OH  +  COCl2  - ►  C6H5CH2OCOCl  +  HC1 

This  compound,  often  called  carbobenzoxy  chloride,  has  proved  useful 
in  the  preparation  of  the  carbobenzoxy  derivatives  of  amino  acids 

(p.  195). 
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Tertiary  alcohols  react  with  acid  chlorides  to  yield  the  corresponding 
tertiary  alkyl  chlorides.  Triphenylcarbinol,  for  example,  and  acetyl 
chloride  form  triphenylmethyl  chloride  and  acetic  acid.  The  reaction  is 
believed  to  involve  the  intermediate  formation  of  the  acetate,  which 
then  undergoes  cleavage  by  hydrogen  chloride.1 

In  support  of  this  hypothesis  it  has  been  found  that  normal  acetylation 
occurs  in  the  presence  of  amines,  which  combine  with  the  hydrogen 
chloride  as  it  forms.  £-Butyl  acetate  can  be  obtained  in  a  yield  of  68%, 
for  example,  by  treating  £-butyl  alcohol  with  acetyl  chloride  in  the  pres¬ 
ence  of  dimethylaniline  (OS  24,  19).  Similar  yields  result  when  £-butyl 
alcohol  is  treated  with  acetic  anhydride  in  the  presence  of  zinc  chloride 
(OS  24,  18). 

ZnCl2 

(CH3)3COH  +  (CH3C0)20  - >  CH3C02C(CH3)3  +  ch3co2h 

Anhydrides  and  acid  chlorides  react  with  thiols  to  yield  esters  of  thiol 
acids.  q 

(RC0)20  +  R'SH  - 4  RCSR'  +  RC02H 

When  hydrogen  sulfide  is  employed,  thiol  acids  are  generated.  From 
acetic  anhydride,  for  example,  thiolacetic  acid  is  formed. 


O  O 

(CH3C0)20  -f  h2s  — ►  ch3csh  -j-  ch3coh 

Interaction  of  an  acid  chloride  or  anhydride  with  ammonia  or  a 
primary  or  secondary  amine  yields  an  amide.  The  formation  of  iso- 
butyramide  (OS  25,  58)  illustrates  the  method  of  making  primarv 
amides;  the  yield  is  83%.  y 


(CH3)2CHC0C1  +  2NH3  - ►  (CH3)2CHCONH2  +  NH4C1 

When  hydrazine  is  employed  in  place  of  ammonia,  a  hydrazide  is 
produced.  N,N'-Dibenzoylhydrazine  is  an  example  (OS  II,  208). 
2C6H5C0C1  +  2H2NNH2  - » 


C6H5CONHNHCOC6H5  +  H2NNH2  •  2HC1 

Amino  acids  are  often  acylated  for  protective  or  other  reasons  Ex- 
amples  are  the  formation  of  the  benzovl  (OS  TT  qosa  1  u  \ 

(OS  23,  13)  derivatives  of  glycine ^  }  1  Carbobenzoxy 

C  HofnmnH2lCH2C°2H  c«h5CONHCH2C02H  +  HC1 

c6h5ch2ococi  +  h2nch2co2h  — ► 


1  Norris  and  Rigby,  J.  A 


C6HsCH20C0NHCH2C02H  -f  HC1 

m.  Chem.  Soc.,  54,  20S8  (1932). 
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In  the  latter  reaction  alkali  is  added  to  neutralize  the  hydrochloric  acid 
that  is  generated  (Schotten-Baumann). 

The  use  of  acetic  anhydride  is  illustrated  by  the  acetylation  of  glycine 
(OS  II,  11;  92%  yield)  and  p-anisidine  (OS  25,  78). 

(CH3C0)20  +  H2NCH2C02H  - > 

ch3conhch2co2h  +  ch3co2h 
(CH3C0)20  +  h2nc6h4och3  — ►  •  , 


CH3CONHC6H4OCH3  +  ch3co2h 


An  example  of  the  formation  of  a  tertiary  amide  is  the  benzoylation 
of  piperidine  (OS  I,  99);  the  yield  of  benzoylpiperidine  is  81%. 


/\ 

/\ 

C6H5C0C1  + 

— > 

k  / 

k  )a 

H  COC6H5 


+  HC1 


Primary  amines  are  capable  of  reacting  with  two  moles  of  an 
acylating  agent  to  yield  an  imide.  For  example,  when  aniline  is  heated 
with  acetic  anhydride,  the  diacetyl  derivative  is  formed. 

C6H5NH2  +  2(CH3C0)20  - »  C6H5N(COCH3)2  +  2CH3C02H 

The  formation  of  phthalimide  from  phthalic  anhydride  and  ammonia 
(OS  I,  457)  involves  a  similar  reaction;  the  yield  is  nearly  quantitative. 

Important  acylating  agents  are  the  chloroformates,  which  react  with 
amines  to  generate  urethans  or  carbamates.  Ammonia  and  methylamine 
react  with  ethyl  chloroformate  to  yield  ethyl  carbamate  and  ethyl  N- 
methylcarbamate  (OS  II,  278),  respectively.  Alkali  is  employed  to 
neutralize  the  acid  formed. 

O  0 

nh3  +  C1C0C2H5 - ►  H2NCOC2H5  +  HC1 

0  ? 

CH3NH2  +  CICOC2H5  - ►  CH3NHCOC2H5  +  HC1 

If  sodium  is  added  to  the  reaction  mixture  along  with  more  ethyl 
chloroformate,  ethyl  carbamate  can  be  doubly  acylated  (OS  24,  60, 

57%  yield). 

0  0  O 

H2NCOC2H5  +  2C1C0C2H5  +  2Na - >  N  (C0C2H5)3  +  2NaCl  +  H2 


ACID  CHLORIDES  AND  ANHYDRIDES 

Ammonolysis  of  the  acyl  chloride  group  in  compounds  that  contain 
an  ester  group  also  is  further  illustrated  by  the  preparation  of  methyl 
sebacamate  from  the  corresponding  chloride  (OS  25,  71;  95%  yield). 


/COC1 


(CH2)8 

^  xx>2ch3 


nh3 


/CONH2 

»  (CH2)s 

^co2ch3 


Acid  chlorides  and  anhydrides  undergo  acidolysis  reversibly.  Thus, 
when  acetic  anhydride  and  benzoic  acid  are  brought  together,  the 
following  equilibrium  is  set  up  (OS  I,  91). 

(CH3C0)20  +  2C6H5C02H  (C6H5C0)20  +  2CH3C02H 


Undoubtedly  the  mixed  anhydride,  C6H5C0-0-C0CH3,  is  formed  also. 
If  acetic  anhydride  is  used  in  excess,  benzoic  anhydride  can  be  obtained 
in  a  74%  yield.  The  anhydrides  of  higher  acids  in  general  can  be  made 
by  treating  the  acids  with  an  excess  of  acetic  anhydride  and  distilling 
the  acetic  acid  that  is  formed. 

Since  hydrochloric  acid  is  stronger  than  organic  acids,  acid  chlorides 
react  with  organic  acids  to  yield  anhydrides.  Thus  n-heptoic  anhydride 
is  produced  in  an  83%  yield  by  mixing  equimolecular  amounts  of  the 
acid,  the  acid  chloride,  and  pyridine.  The  base  serves  to  remove  the 
hydrogen  chloride  (OS  26,  1). 

CH3(CH2)5C02H  +  CH3(CH2)5C0C1  +  c5h5n  - > 

[CH3(CH2)5C0]20  +  C5H5N  HC1 

This  procedure  is  applicable  to  aromatic  acids  also,  as  is  illustrated  by 
the  preparation  of  p-chlorobenzoic  anhydride  (OS  26,  1;  98%  yield). 

Formyl  chloride  and  formic  anhydride  are  unknown,  but  formylation 
mav  nevertheless  be  accomplished  by  use  of  a  mixture  of  formic  acid 
and  an  anhydride.  An  example  is  the  formylation  of  a-amino-fl-meth- 
oxybutyric  acid  (OS  20,  101). 


CH3CH - CHC02H 

OCH3  NH2 


(CH3C0)20 
HC02H  * 


CH3CH - CHCOjH 

OCH3  NHCHO 


It  is  presumed  that  a  mixed  anhydride  of  acetic  and  for 
reactant  and  that  it  reacts  as  rapidly  as  it  is  produced. 


mic  acids  is  the 


(CH3C0)20  +  hco2h 


o  o 

CH^C-O-C-H  +  CH3CO0H 
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Esters 

As  was  noted  earlier  (p.  82),  the  reaction  between  an  acid  and  an 
alcohol  is  catalyzed  by  acids  and  is  a  reversible  process.  In  order  to 
biing  about  complete  hydrolysis,  therefore,  an  alkali  is  introduced  to 
neutialize  the  acids  and  render  the  process  irreversible.  When  conducted 
in  this  way  hydrolysis  is  termed  saponification. 

Many  esters  occur  in  nature  or  are  more  readily  synthesized  than  the 
corresponding  acids  and  thus  are  used  in  the  production  of  acids.  The 
most  important  group  comprises  the  fats,  oils,  and  waxes.  An  example 
ot  the  synthesis  of  an  acid  from  its  ester  is  the  saponification  of  myristin 
(OS  I,  379).  The  product,  myristic  acid,  is  obtained  in  nearly  theoretical 
yields. 

CH2OCOC13H27  ch2oh 

CHOCOCi3H27  +  3NaOH  - ►  3C13H27C02Na  +  CHOH 

CH2OCOC13H27  CH2OH 

Ci3H27C02Na  +  HC1  - >  C13H27C02H  +  NaCl 

Myristin  can  be  obtained  by  extracting  nutmegs  with  ether  (OS  I,  538). 

Erucic  acid  is  made  by  the  hydrolysis  of  rape  seed  oil  (OS  II,  258). 

CH3(CH2)7CH=CH(CH2)hC02H 

Erucic  acid 

Oleic  acid  is  obtained  from  various  natural  fats.  Both  oleic  and  erucic 
acids  have  the  cis  configuration. 

Palmitic  and  stearic  acid  are  obtained  from  fats.  The  problem  of 
separating  them  has  proved  difficult.  Distillation  and  crystallization 
do  not  accomplish  separation  because  the  acids  are  dimeric  and  some 
mixed  dimer  is  always  present  (p.  80).  The  dimerization  can  be  pre¬ 
vented  by  converting  the  acids  to  esters,  a  mixture  of  the  meth}rl  esteis 
being  separable  by  fractional  distillation.  These  acids  and  many  of  theii 

derivatives  are  now  articles  of  commerce. 

Bayberry  wax  is  made  up  chiefly  of  myristin  and  palmitin.  The  fats 
are  converted  to  methyl  esters,  which  are  separated  by  fractionation 
(OS  20,  67).  This  procedure  has  been  used  successfully  to  obtain  ethyl 
esters  of  lauric,  caprylic,  and  myristic  acids  from  coconut  oil  (OS  20,  69). 
Linoleic  (OS  22,  75)  and  linolenic  (OS  22,  82)  acids  have  been  made  by 
hydrolysis  of  their  ethyl  esters. 

Hydrolysis  is  generally  involved  in  syntheses  of  compounds  by  the 
acetoacetic  and  malonic  ester  methods.  If  decarboxylation  (p.  210)  is 
to  be  avoided,  alkali  must  be  employed.  Examples  are  the  syntheses  o 
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benzyl  (OS  21,  99),  sec-butyl  (OS  21,  60),  and  n-heptyl  (OS  II,  474) 
derivatives  of  malonic  acid. 

In  the  preparation  of  methyl  n-amyl  ketone  by  the  acetoacetic  ester 
method  it  is  recommended  that  the  hydrolysis  and  decarboxylation  be 
carried  out  in  two  steps  (OS  I,  351). 

CH3COCHCO2C2H5  +  NaOH - ►  CH3C0CHC02Na  +  C2H5OH 

c4h9  c4h9 

CH3C0CHC02Na  ——4  CH3COC5Hn 
C4H9 


A  similar  procedure  has  been  employed  to  make  cyclobutanecarboxylic 
acid  (OS  23,  16). 


(C02C2H5)2 

(C02H)2 

— > 

— > 

co2h 


However,  hydrolysis  and  decarboxylation  may  be  accomplished  in 
one  step  by  the  use  of  acid  hydrolytic  agents.  The  Michael  condensation 
product  between  ethyl  fumarate  and  ethyl  malonate  (p.  484),  for  ex¬ 
ample,  is  converted  to  tricarballylic  acid  in  nearly  quantitative  yields 
by  heating  with  hydrochloric  acid  (OS  I,  523). 


CH  (C02C2H5)2  ch2co2h 

CHC02C2H5  +  4H20  ^-4  CHC02H  +  4C2H5OH  +  C02 

ch2co2c2h5  ch2co2h 


Glutaric  acid  is  formed  in  an  80%  yield  by  submitting  ethyl  1,1, 3, 3- 
propanetetracarboxylate  to  a  similar  treatment  (OS  I,  290). 


/CH(C02C2H5)2  HC1 

bn2  -|-  4H20  - 

xCH(C02C2H5)2 


/CH2COoH 

CHWo2h  +  4C2HsOH  +  2002 


“-Ketoglutaric  may  be  produced  in  a 
to  ethyl  oxalylsuccinate  (OS  26,  42). 


93%  yield  by  applying  this  method 


C0C02C2Hs 
CHC02C2H5  +3H20 

ch2co2c2h5 


coco2h 

CH2  +  3C2H5OH  +  C02 

ch2co2h 


"  ‘.°  .'f  |,"remJ  '<  *'»  hydrolysis  prodoct.  m 
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CH(OCOCH3)2  cho 


N02 

HC1 

+  H20  - > 

k/ 

k/ 

+  2CH3C02H 


Other  esters  for  which  satisfactory  procedures  for  saponification  are 
available  are  methyl  ra-nitrobenzoate  (OS  I,  391),  5-acetoxyacenaph- 
thene  (OS  21,  1),  p-nitrobenzyl  acetate  (OS  24,  81),  and  ethyl  6,7- 
dimethoxy-2-naphthoate  (OS  26,  28). 

Esters  can  be  made  from  other  esters  by  alcoholysis,  acidolysis,  or 
interchange  of  radicals.  Alcoholysis  is  much  used  to  convert  esters  of 
low-boiling  alcohols  to  those  of  higher-boiling  alcohols.  Thus  w-butyl 
acrylate  can  be  made  in  a  94%  yield  by  heating  methyl  acrylate  with 
ft-butyl  alcohol  in  the  presence  of  /j-toluenesulfonic  acid  and  removing 
.  the  methanol  as  fast  as  it  forms  (OS  26,  18). 

ch2=chco2ch3  +  c4h9oh  ch2=chco2c4h9  +  ch3oh 


The  usual  catalysts  for  this  type  of  reaction  are  sodium  alkoxides  or 
sulfonic  acids.  The  last  step  in  a  synthesis  of  acetol  from  bromoacetone 
is  a  methanolysis  (OS  II,  5). 

CH3COCH2OCHO  +  ch3oh  — >  ch3coch2oh  +  hco2ch3 

The  preparation  of  lactic  esters  is  best  effected  by  converting  lactic 
acid  to  the  polymeric  form  and  then  subjecting  this  polyester  to  alcohol¬ 
ysis.  The  preparation  of  allyl  lactate  is  illustrative  (OS  26,  4). 

CHC02]H  +  (n  -  1)H20 

CH3  Jn 


nH0CHC02H 
OH  o 


HO 


HO 


CHC02 


_ch3 


H  +  7iCH2=CHCH2OH 


tiH0CHC02CH2CH=CH2  +  H20 

ch3 


Conceivably  the  alcoholysis  of  an  ester  may  proceed  m  such  a  way  as 
to  produce  an  acid  and  an  ether.  Such  a  reaction  has  been  proposed 
to  explain  the  formation  of  acetals  and  ketals  by  the  reaction  of  vinyl 
and  isopropenyl  acetates  with  alcohols.  When  vinyl  acetate  is  treated 
with  n-butyl  alcohol  in  the  presence  of  an  acidic  mercury  catalyst, 
n-butyl  acetal  is  produced  in  89%  yield.2 

2  Croxall,  G  la  vis,  and  Neher,  ./.  Am.  Chem.  Soc.,  70,  2805  (1048). 
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/OC4H9  C4H9OH 

ch2=chococh3  4-  c4h9oh - ►  CH3CH  - > 

xococh3 

CH3CH(OC4H9)2  4-  ch3co2h 

Acidolysis  is  illustrated  by  the  preparation  of  acrylic  acid  from  methyl 
acrylate  by  heating  with  formic  acid  in  the  presence  of  a  little  sulfuric 
acid.  Yields  of  78%  may  be  realized  by  continuous  removal  of  methyl 
formate  (OS  29,  5). 

ch2=chco2ch3  +  hco2h  H  >  ch2=chco2h  +  hco2ch3 

Acidolysis  of  vinyl  esters  has  been  effected  also.  For  example,  vinyl 
oleate  was  produced  in  a  60%  yield  by  the  interaction  of  oleic  acid  and 
vinyl  acetate.3 

CH3(CH2)7CH=CH(CH2)7C02H  +  CH3C02CH=CH2  - > 

CH3(CH2)7CH=CH(CH2)7C02CH=CH2  +  CH3C02H 

Vinyl  laurate  has  been  made  in  similar  yields  from  vinyl  acetate  and 
lauric  acid.  It  does  not  seem  probable,  however,  that  these  transforma¬ 
tions  are  actually  examples  of  acidolysis,  since  that  would  imply  the 
intermediate  existence  of  vinyl  alcohol,  which  is  unknown. 

If  two  esters  are  brought  together  in  the  presence  of  such  catalysts 
as  sodium  alkoxides  and  sulfonic  acids,  ester  interchange  occurs.  Thus 
ethyl  acetate  and  methyl  propionate  form  an  equilibrium  mixture  con¬ 
taining  not  only  the  original  esters  but  ethyl  propionate  and  methyl 
acetate  as  well. 


ch3co2c2h5  4-  CH3CH2C02CH3 


ch3co2ch3  4-  ch3ch2co2c2h5 


-  - o  I  - - O 

Ammonolysis  of  esters  is  an  important  route  to  the  amides,  typical 
syntheses  being  those  of  chloroacetamide  (OS  I,  153)  and  cyanoacet- 
amide  (OS  I,  179);  the  yields  are  84%  and  88%,  respectively. 

C1CH2C02C2H5  +  NH3  - 1  C1CH2C0NH2  +  C2H5OH 

ncch2co2c2h5  +  NH3 - 1  ncch2conh2  +  c2h5oh 

Ammonolysis  is  particularly  useful  in  the  synthesis  of  hydroxy  amides 
smce  the  corresponding  acids  cannot  form  acid  chlorides  or  anhydrides’ 

.(".“riSiTos  S’7™  k  obl*ined  in  * 74%  >,ieM  b!r 

ch3chco2c2h5  +  nh3  — 1  ch3chconh2  +  c2h-,oh 

0H  OH 

3  Swern,  Billen,  and  Knight,  J.  Am.  Chem.  Soc.,  69,  2439  (1947). 
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Mandelamide  is  made  conveniently  by  ammonolysis  of  the  acetone 
derivative  (p.  369)  of  mandelic  acid  (OS  20,  62) ;  the  yield  is  62%. 

C6H5CH - CO 

|  |  +  NH3  - ►  C6H5CHCONH2  +  CH3COCH3 

\  /  OH 

C(CH3)2 


An  example  of  aminolysis  of  an  ester  is  the  preparation  of  salicyl-o- 
toluide  from  phenyl  salicylate  and  o-toluidine  (OS  26,  92;  77%  yield). 

^Noh 


^NoH  . — 

+  H2Nf 

C02C6H5 


\/ 


clT 


+  C6H6OH 


Aminolysis  is  important  in  the  preparation  of  j8-keto  amides,  which  are 
obtained  by  way  of  the  esters,  the  acids  being  unstable.  Benzojdacet- 
anilide  is  an  example  (OS  25,  7;  76%  yield). 

c6h5coch2co2c2h5  +  C6H5NH2 - ¥ 

C6H5COCH2CONHC6H5  +  c2h5oh 


Hydrazinolysis  of  esters  produces  hydrazides,  an  example  being 
formhydrazide  (OS  24,  12). 

HC02C2H5  +  H2NNH2-H20  - ¥  HCONHNH,  +  C2H5OH  +  H20 


A  method  of  making  solid  derivatives,  useful  in  the  identification  of 
esters,  consists  in  treating  the  esters  with  phenylhydrazine  in  the 
presence  of  phosphoric  acid;  the  products  are  phenylhydrazides. 

RC02R'  +  C6H5NHNH2  - ¥  RCONHNHC6H5  +  R'OH 

An  analogous  reaction  may  take  place  between  an  ester  and  an  amide, 
an  example  being  the  interaction  of  ethyl  malonate  and  urea  to  form 
barbituric  acid  (OS  II,  60;  78%  yield). 


co2c2h5  nh2 

CH2  +  CM) 
C02C2H5  nh2 


NaOC2H6 

- y 


CO— NH 

CH2  CO  +  2C2H5OH 
CO— NH 


Esters  react  with  hydroxylamine  to  yield  hydroxamic  acids;  ethyl 
benzoate,  for  example,  yields  benzohydroxamic  ac.d  (OS  II,  67;  4b /„ 

yield). 

C6H5C02C2H5  +  H2NOH 


c6h5conhoh  +  C2H5OH 
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Nitriles 


The  hydrolysis  of  nitriles  is  the  final  step  in  the  synthesis  of  acids  from 
halides,  aldehydes,  or  ketones  with  one  less  carbon  atom.  The  usual 
procedure  is  to  heat  the  nitrile  with  hydrochloric  or  sulfuric  acid,  al¬ 
though  alkaline  hydrolysis  is  widely  used  also.  Amides  are  produced  as 
intermediates  but  are  rarely  isolated.  They  can  be  prepared  from 
nitriles,  however,  by  the  use  of  sulfuric  acid  monohydrate.  Hydrogen 
peroxide  is  also  utilized  to  accomplish  this  type  of  change.  By  its  use, 
for  example,  o-tolunitrile  is  converted  to  o-toluamide  in  a  92%  jdeld 
(OS  II,  586). 


CH; 


NaOH 

T"  2H2O2  — ►  2 


CN 


%/ch3 

conh2 


+  Os 


The  use  of  sulfuric  acid  is  illustrated  by  the  preparation  of  o-toluic 
acid  (OS  II,  588;  89%  yield),  mesitylacetic  acid  (OS  25,  65;  87%  yield), 
p-nitr  opheny  lace  tic  acid  (OS  I,  406;  95%  yield),  homophthalic  acid 
(OS  22,  61;  75%  yield),  and  phenylacetic  acid  (OS  I,  436;  77%  yield) 
from  the  corresponding  nitriles. 

Hydrochloric  acid  is  especially  valuable  in  the  hydrolysis  of  nitriles 
because  the  chloride  ion  has  a  catalytic  effect  on  the  reaction.4  The  use 
of  this  reagent  has  been  described  for  the  preparation  of  alanine  (OS  I, 
21), phenylgly cine  (OS  22,  23),  benzoylformic  acid  (OS  24,  16;  77%  yield),’ 
and  glutaric  acid  (OS  I,  289;  85%  yield)  from  the  corresponding  nitriles. 

Hydrolysis  and  subsequent  decarboxylation  may  be  accomplished  in 
one  step  when  acids  are  employed.  A  synthesis  of  phenylsuccinic  acid 
involves  this  technic  (OS  I,  451;  95%  yield). 


C6H5CHCN 

CHCN  +  5H20  +  2HC1  - ► 

co2c2h5 

c6h5chco2h 

CH2C02H  +  C2H5OH  4-  C02  4-  2NH4CI 

Another  example  is  the  formation  of  benzyl  methyl  ketone  from  ^ 
phenylacetoacetonitrile  (OS  II,  391;  86%  yield).  “  f 


C6H5CHCOCH3  4-  2H20  ?04> 

CN 


C6H5CH2COCH3  4-  C02  4-  NH3 


4  Kilpatrick,  J.  Am.  Chem.  Soc.f  69,  40  (1947). 
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An  example  of  unusual  interest  is  the  hydrolysis  of  diallylcyanamide 
to  diallylamine,  involving  the  intermediate  formation  of  an  unstable 
carbamic  acid  (OS  I,  201;  88%  yield). 


(CH2=CHCH2)2N CN  — — ->  (CH2=CHCH2)2NC02H  — — » 

H2S04 

(CH2=CHCH2)2NH 

The  use  of  alkalies  is  necessary,  of  course,  if  the  resulting  acid  is  readily 
decarboxylated  or  dehydrated.  Malonic  acid  (OS  II,  376;  80%  yield) 
and  /S-hydroxypropionic  (hydracrylic)  acid  (OS  I,  321;  31%  yield)  are 
examples.  Cyclopropanecarboxylic  acid  is  made  in  this  way  also.  Here 
mineral  acids  might  cause  ring  opening  (OS  24,  36).  The  yield,  based 
on  7-chlorobutyronitrile  (p.  128),  is  79%. 


CH2x 

|  CHCN 
CH/ 


h2o 

- ► 

NaOH 


ch2x 

|  chco2h 

CH/ 


Other  acids  prepared  from  nitriles  by  the  use  of  alkali  are  n-tridecanoic 
acid  (OS  II,  292),  methylsuccinic  acid  (OS  26,  54),  and  /3-alanine  (OS  27, 
1;  90%  yield).  Alkalies  cannot  serve  in  the  hydrolysis  of  allyl  cyanide, 
since,  as  was  noted  earlier  (p.  129),  they  cause  the  olefinic  bond  to  shift, 
yielding  crotonic  acid. 

When  cyanohydrins  are  subjected  to  hydrolysis,  hydroxy  acids  are 
produced.  An  example  is  the  production  of  a-hydroxyisobutyric  acid 
from  acetone  cyanohydrin. 

CH3x  /OH  CH3x  /OH 

O  )  c 

CH/  NCN  CH/  xC02H 


a-Hydroxy  acids  are  also  prepared  conveniently  from  aldehydes  by  way 
of  the  corresponding  cyanohydrins.  Mandelic  acid,  foi  example,  is 
made  in  a  50%  yield  by  this  method  (OS  I,  336). 


C6H5CHCN  +  HC1  +  2H20 

;  I 

OH 


C6H5CHC02H  +  NH4CI 
OH 


Ethylene  cyanohydrin,  as  might  be  expected,  reacts  with  hydrobromic 
acid  to  yield  /3-bromopropionic  acid  (OS  I,  131;  83%  yield). 

Nitriles  can  be  converted  to  esters  by  treatment  with  aqueous  alcohols 
—a  transformation  that  combines  hydrolysis  and  alcoholysis.  An 
example  of  this  type  of  reaction  is  the  preparation  of  ethyl  phenylacetate 
from  phenylacetonitrile  (OS  I,  270;  87%  yield). 

c6h5ch2cn  +  c2h5oh  +  H2so4  +  H20  ► 

c6h5ch2co2c2h5  +  nh4hso4 
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A  common  procedure  for  this  type  of  reaction  is  to  dissolve  the  nitrile 
in  the  appropriate  alcohol  and  saturate  the  solution  with  gaseous 
hydrogen  chloride.  Under  these  conditions  imino  ether  hydrochlorides 
are  formed.  These  substances  may  be  caused  to  react  with  water  to 
yield  esters  or  with  ammonia  to  produce  amidines.  These  reactions  are 
illustrated  by  acetonitrile  (OS  I,  5). 

ch3co2c2h5 

|h20 

^NH  •  HC1 

CH3CN  +  C2H5OH  +  HC1  - >  CH3C 

'  OC,H5 
I  NH3 

,NH  •  HC1 

CH3C 

'  NH2 

A  more  general  method  of  converting  nitriles  to  amidines  involves  treat¬ 
ment  with  an  ammonium  sulfonate.5 


/  ^NH  \ 

RCN  -f  R'S03NH4  - ►  RCH  )-R'S03H 

V  xnh2/ 

Is iti iles  in  which  the  cyano  group  is  attached  to  large  or  complex 
radicals  may  be  very  resistant  to  hydrolysis  and  require  special  treat¬ 
ment.  One  of  the  most  successful  procedures  consists  in  heating  the 
nitrile  with  100%  phosphoric  acid  at  145-155°.6 

In  the  presence  of  concentrated  sulfuric  acid,  olefins  and  alcohols 
attack  nitriles,  presumably  by  way  of  the  carbonium  ion,  to  form 

secondary  amides.  The  production  of  N-l-butylacetamide  from  aceto- 
nitrile  and  isobutylene  is  an  example.7 

CH3CN  +  CH3C=CH2  -(-  H20  —  S°4)  CH3CNHC(CH3)3 

ch3 

s  Oxley  and  Short,  J.  Chem.  Soc.,  147  (1946). 

6  Berger  and  Olivier,  Rec.  trav.  zhim.,  46,  600  (1927). 

7  Ritter  and  Minieri,  J.  Am.  Chem.  Soc.,  70,  4045  (1948). 
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One  valuable  feature  of  this  process  is  that  hydrolysis  of  the  products 
yields  i-carbinamines,  most  of  which  are  otherwise  difficult  to  obtain. 
^  hen  the  nitrile  is  replaced  by  hydrogen  cyanide,  the  products  are 
alkyl  formamides,  which  are  readily  hydrolyzed  to  amines.  The  syn¬ 
thesis  of  £-butylamine  is  illustrative.8 

O 

HCN  +  (CH3)3COH  ——4  HCNHC(CH3)3  —4 

HC02H  +  (CH3)3CNH2 

Nitriles  as  well  as  amides  can  be  reduced  to  the  corresponding  primary 
amines  by  the  action  of  lithium  aluminum  hydride.9  If  the  amount  of 
the  reducing  agent  is  limited  and  the  temperature  is  kept  low,  the  reac¬ 
tion  can  be  interrupted  at  the  end  of  the  first  step  and  furnishes  a 
preparative  method  for  aldehydes. 


Amides 


The  hydrolysis  of  amides,  which  is  the  second  step  in  the  hydrolysis 
of  nitriles  to  acids  (p.  203),  may  be  effected  by  either  acidic  or  basic 
catalysts.  The  rate  has  been  reported  to  be  approximately  the  same 
for  all  straight-chain  aliphatic  amides.  The  rate  is  diminished  by  a 
methyl  group  in  the  alpha  or  beta  position  but  not  in  the  gamma  position. 
It  is  interesting  that  the  diminution  in  reaction  rate  is  greater  for  the 
/3-methyl  than  for  the  a-methyl  amide.  This  observation,  which  cannot 
be  ascribed  to  an  inductive  effect,  appears  to  be  due  to  steric  hindrance.10 

The  hydrolysis  of  amides  frequently  is  carried  out  in  connection  with 
certain  special  types  of  syntheses.  One  of  these  is  the  Beckmann 
rearrangement  of  an  oxime  (p.  514)  followed  by  hydrolysis  of  the  result¬ 
ing  amide.  When  applied  to  cyclohexanone  oxime,  this  method  yields 
e-aminocaproic  acid  (OS  II,  28;  60%  yield). 


>=NOH 


CH2 


/CH2CH2CO 

NCH2CH2NH 


H2N(CH2)5C02H 


Sometimes  amines  are  acjdated  in  order  to  protect  the  amino  gioup 
or  change  its  influence  during  a  reaction,  after  which  they  are  deacylate  . 
A  well-known  example  is  the  acylation  of  p-toluidine  to  permit  controllec 

8  Ritter  and  Kalish,  J.  Am.  Chem.  Soc.,  70,  4048  (1948). 

9  Nystrom  and  Brown,  J.  Am.  Chem.  Soc.,  70,  3738  (1948). 

Cason  and  Wolfhagen,  J.  Org.  Chem.,  14,  155  (1949). 
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bromination  (p.  287).  The  final  step  is  the  hydrolysis  of  the  bromo 
amide  (OS  I,  111). 


ch3 

ch3 

ch3 

A 

A 

A 

V 

V 

UBr 

nh2 

NHCOCH3 

NHCOCH3 

CH3 


nh2 


In  a  somewhat  similar  way  hydrazine  is  benzoylated  (p.  195)  in  order 
to  permit  symmetrical  methylation,  the  benzoyl  groups  being  removed 
subsequently  by  hydrolysis  (OS  II,  208). 


h2nnh2 


c6h5conhnhcoc6h5  — ► 

C6H5CON - NCOC6H5 

CHq  CHo 


CH3NHNHCH3 


The  hydrolysis  may  be  accomplished  in  a  78%  yield. 

Another  example  of  this  type  is  the  protection  of  the  amino  group  in 
e-aminocaproic  acid  during  the  introduction  of  an  amino  group  in  the 
alpha  position.  Subsequent  removal  of  the  benzoyl  group  yields  lysine 
(p.  119)  (OS  II,  374). 

C6H5C0NH(CH2)4CH2C02H  - >  C6H5CONH(CH2)4CHCOoH _ > 

nh2 

H2N(CH2)4CHC02H 

nh2 

Formylation  serves  a  similar  purpose  in  a  threonine  synthesis  (p.  119) 
(OS  20,  101),  the  last  step  of  which  is  hydrolysis. 


CH3CH - CHC02H 


ch3ch-chco2h 


OCH3  NHCHO  OH  NH2 

'S  th<5  final  St6P  'n  a  SyntheS'S  °f  ^-Phenylalanine 

C(1H5CH2CHro2H  - ►  C6H5CH2CHC02H 

NHCOCH3  NH2 

Imides  as  would  be  expected,  are  more  readily  hydrolyzed  than 
amides.  However,  with  the  most  important  group  of  imides-phtltl 

,  .  .  amples  are  7-aminobutyric  acid  (OS  II  25)  and  ^  ,r 

butylaminopropylamine  (OS  24,  44).  ’  j  anci  T"dl-«- 


208 


DERIVATIVES  OF  CARBOXYLIC  ACIDS 
CO 


/\/ 


nch2ch2ch2cn 


h2nch2ch2ch2co2h 


CO 


NCH2CH2CH2N(C4H9)2 


¥  H2NCH2CH2CH2N(C4H9)2 


An  example  of  the  hydrolysis  of  a  simple  phthalimide  is  4-nitrophthal- 
imide  (OS  II,  457;  99%  yield). 

Ammonolysis  serves  to  convert  one  amide  into  another,  urea  being 
particularly  well  suited  for  this  purpose.  Phenylurea  is  prepared  by 
heating  urea  with  aniline  hydrochloride  (OS  I,  453). 

C6H5NH2-HC1  +  CO(NH2)2  - ¥  C6H5NHCONH2  +  NH4C1 

sym-T) ipheny lurea  can  be  produced  from  phenylurea  in  a  similar  way 
(OS  I,  453). 

C6H5NH2  HC1  +  C6H5NHCONH2  - ¥ 

c6h5nhconhc6h5  +  NH4C1 

When  phenylurea  is  heated  with  hydrazine  hydrate,  phenylsemi- 
carbazide  is  formed  (OS  I,  450;  40%  yield). 


C6H5NHCONH2  +  H2NNH2H20  - ¥ 

C6H5NHCONHNH2  +  NHs  +  HoO 

Methylaminolysis  of  nitroguanidine  serves  similarly  to  produce 
l-methyl-3-nitroguanidine  in  good  yields.  The  -NH2  group,  being 
much  more  basic  than  the  -NHN02  group,  is  replaced  preferentially. 

NH 

CH3NH2  HC1  +  H2N-C-NHN02  +  KOH  - > 

NH 

CH3NH-C-NHN02  +  NHs  +  KC1  +  H20 

Dehydration.  Although  hydration  of  nitriles  is  not  often  employed 
to  prepare  amides,  the  reverse  process  is  an  important  synthetic  roue 
to  the  nitriles.  The  dehydration  usually  is  effected  by  heating  wi 
halides  or  anhydrides  of  organic  or  inorganic  acids  or  by  cata Ivtic 

ES  S.  I  olg.  2.  rh«ph.™  pentoxide,  .h,  u-  P—,, 
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being  to  heat  an  intimate  mixture  of  the  reactants.  A  volatile  nitrile 
such  as  isobutyronitrile  may  be  distilled  directly  from  the  reaction 
'  mixture  (OS  25,  61 ;  86%  yield). 

ch3x  p2o5  CH3x 

chconh2  -14  chcn  +  h2o 

CH/  CH/ 


Chloroacetonitrile  can  be  produced  in  satisfactory  yields  by  heating 
chloroacetamide  with  phosphorus  pentoxide.  Fumaronitrile  is  made  in 
a  similar  way. 

Methyl  sebacamate  is  dehydrated  with  phosphorus  pentoxide  in 
tetrachloroethane,  and  the  solution  of  the  product,  methyl  co-cyano- 
pelargonate,  in  this  solvent  is  removed  by  decantation  (OS  25,  69; 
71%  yield). 


(CH2)8 


/CONH2 

xco2ch3 


/CN 

(CH2)8  +  H20 

xco2ch3 


Thionvl  chloride  is  a  popular  reagent  for  dehydrating  amides,  since 
the  products,  other  than  the  nitriles,  are  gaseous.  a-Ethylcapronitrile 
has  been  made  in  very  high  yields  by  use  of  this  reagent. 


CH3CH2CH2CH 


2\ 


ch3ch2 


/ 


CHCONH2  +  SOClj 


ch3ch2ch2ch 


2\ 


ch3ch/ 


CHCN  +  S02  +  2HC1 


Phosphorus  pentachloride  is  another  valuable  reagent  for  converting 

roA6!  t™'™!!3'  .^Nexample  is  the  dehydration  of  cyanoacetamide 
(Ob  11,  3/9;  80%  yield). 


CH2CONH2  +  PC15  - »  CH2(CN)2  +  POCI3  +  2HC1 

CN 


The  phosphorus  oxychloride  which  is  formed  in  this  reaction  is  an  effec¬ 
tive  dehydrating  agent  also. 


2CH2CONH2  +  POC1- 
CN 


2CH2(CN)2  +  HP03  +  3HC1 


Su^tS^iS6^  ^  ^  f°ll0Wing  «i0n'  the 


3CH2CONH2  +  PCL 
CN 


3CH2(CN)2  +  HP03  -f-  5HC1 


Z1U  derivatives  of  carboxylic  acids 

W  hen  heated  alone,  amides  yield  nitriles  along  with  ammonia  and 
free  acid.  Sebacamide,  for  example,  gives  sebaconitrile  (49%)  and 
co-cyanopelargonic  acid  (34%)  (OS  25,  95). 


/CONH2  /CN 

(CH2)g  - >  (CH2)8  and 

nCONH2  \cn 


(CH2) 


/CN 

8xC02H 


In  several  industrial  processes  the  dehydration  of  amides  is  carried 
out  in  the  vapor  phase  over  a  catalyst  such  as  pumice.  Hydrogen 
cyanide,  acrylonitrile,  and  methacrylonitrile  are  produced  in  this  manner. 

Another  method  is  to  pass  a  mixture  of  the  acid  and  ammonia  in  the 
vapor  phase  over  a  catalyst.  Also,  nitriles  are  produced  by  blowing 
ammonia  into  molten  acid  at  elevated  temperatures.  This  technic  is 
employed  in  making  nitriles  of  long-chain  fatty  acids  such  as  lauric  acid. 


n-CnH23C02H  +  NH3  - ►  n-CnH23CN  +  2H20 

It  serves,  also,  in  the  manufacture  of  adiponitrile.  These  reactions 
involve  the  dehydration  of  ammonium  salts  of  acids,  a  method  that  has 
long  been  used  to  produce  acetamide  (OS  1,3;  90%  yield) .  The  synthesis 
of  succinimide  from  ammonium  succinate  is  similar  (OS  II,  562;  83% 
yield). 

An  analogous  change  is  involved  in  the  conversion  of  acids  to  benz¬ 
imidazoles  by  heating  with  o-phenylenediamine.11  When  formic  acid  is 
used,  the  product  is  benzimidazole  (OS  II,  65;  85%  yield). 


Anh 


NH, 


+  HC02H 


NH 


v\ 


N 


/ 


CH  +  2H20 


Pyrolysis  of  Acids  and  Their  Salts 

When  two  meta- directing  groups  are  attached  to  a  carbon  atom,  it  is 
rendered  electron  poor,  and  hence  its  power  of  holding  any  group  or 
atom  is  weakened.  Familiar  examples  are  the  esters  of  malomc  acid, 
acetoacetic  acid,  and  cyanoacetic  acid— illustrative  of  the  so-calle 
active  methylene  compounds  (p.  413).  In  such  compounds  the  methyl¬ 
ene  carbon  atom  holds  not  only  the  hydrogen  atoms  loosely  but  likewise 
the  carbonyl  groups.  It  is  not  surprising,  then,  that  such  acids  lose 
carbon  dioxide  readily  when  they  are  heated, 
n  Pool,  Harwood,  and  Ralston,  J.  Am.  Chem.  Soc.,  69,  178  (1937). 
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0  i 


HOC- 

O  ! 
ii 

HOC- 


O 


O 


-CH2COH  - >  C02  +  CHgCOH 


0 

-CH2CCH3 


0 ! 

hoc-|-ch2c=n 


o 

C02  +  CH3CCH3 


co2  +  ch3c=n 


The  formation  of  nitromethane  from  nitroacetic  acid  is  another 
illustration  of  this  type  of  cleavage  (OS  I,  401). 


O 

11 

HOC- 


-CH2N=0 
1 

o 


co2  +  ch3n=o 

1 

o 


A  useful  generalization  is  that  decarboxylation  of  acids  is  facilitated 
by  a  multiple  linkage  in  the  beta-gamma  position.  In  other  words, 
facile  loss  of  carbon  dioxide  is  to  be  expected  of  compounds  of  the 
O 

type  HOCCH2X=Y. 

Decarboxylation  has  many  practical  applications.  The  conversion 
of  an  alkyl  halide  to  the  corresponding  alkyl-  or  dialkylacetic  acid  by 
the  malonic  ester  method  is  illustrative.  It  involves  decarboxylation  of 
the  intermediate  malonic  acid.  Examples  are  the  preparation  of  3- 
methylpentanoic  acid  (OS  II,  416)  and  pelargonic  acid  (OS  II,  474). 

CH3CH2CHBr  - >  CH3CH2CHCH(C02H)2  - ► 


CLL 


CH, 


CH3CH2CHCH2C02H 
CH, 


CH3(CH2)6CH2Br  - >  CH3(CH2)6CH2CH(C02H)2 

CH3(CH2)7C02B 

Acids  of  this  group  usually  can  be  decarboxylated  at  temperatures  belou 

carto^!0"  iaSrbeen  ^  uCted  t0  the  possibility  that  the  elimination  ol 
carbon  dioxide  from  such  acids  may  involve  the  formation  of  a  quas: 

.  -membered  ring.  The  decarboxylation  of  acetoacetic  acid  foi 
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£c=° 

ch2 

If  such  an  enol  is  not  possible,  decarboxylation  does  not  readily  occur. 

Evidence  has  been  presented  in  support  of  the  hypothesis  that  the 
lelative  ease  with  which  a,/3-unsaturated  carboxylic  acids  undergo 
decarboxylation  is  due  to  rearrangement  reversibly  to  the  corresponding 
/3,7-isomers — acids  that  would  be  expected  to  be  thermally  unstable. 

RCH2CH=CHC02H  RCH=CHCH2C02H 


0 


/ 


II 


o 


CHsC 


+  C=0 


CH2 


The  facile  cleavage  of  phenolic  acids  such  as  /3-resorcylic  acid  (p.  350) 
is  understandable  since  they  may  tautomerize  to  (3- keto  acids. 

Many  important  transformations  of  acids  are  effected  by  pyrolysis 
of  their  salts.  Replacement  of  the  carboxyl  group  by  hydrogen  in 
saturated  acids  is  illustrated  by  the  synthesis  of  methane  from  acetic 
acid.  However,  the  method  is  not  suitable  for  the  preparation  of  ethane 
or  its  higher  homologs.12 

This  method  has  proved  more  useful  in  the  aromatic  series  than  in  the 
aliphatic.  Decarboxylation  is  facilitated,  of  course,  by  me/a-directing 
groups  in  ortho  or  para  positions,  as  is  illustrated  by  the  facile  decarbox¬ 
ylation  of  2,4,6-trinitrobenzoic  acid  (p.  292).  Excellent  results  are 
obtained  by  the  use  of  copper  or  copper  salts  as  catalysts.  The  commer¬ 
cial  process  for  making  benzoic  acid  from  phthalic  acid  is  illustrative. 


A 

A 


co2h 

co2h 


/\co2h 

A 


+  co2 


The  reaction  is  catalyzed  by  a  small  amount  of  copper  phthalate. 
Another  important  example  is  the  conversion  of  2-furoic  acid  to  furan 
(OS  I,  274;  78%  yield).  A  superior  synthesis  of  furan  is  to  heat  furfural 
with  alkalies,  thus  effecting  oxidation  and  decarboxylation  in  sequence. 

Cinnamic  acid  may  be  decarboxylated  to  styrene  by  the  application 
of  heat  (OS  I,  440;  41%  yield).  Advantage  has  been  taken  of  this 
behavior  in  the  preparation  of  substituted  styrenes  also  (CR  45,  359). 

12  Oakwood  and  Miller,  J.  Am.  Chem.  Soc.,  72,  1849  (1950). 

13  Walling  and  Wolfstirn,  J.  Am.  Chem.  Soc.,  69,  852  (1947). 
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Good  yields  are  obtained  by  heating  the  acids  in  boiling  quinoline  m 
the  presence  of  copper  powder. 

Possibly  in  these  reactions  it  is  the  copper  salt  that  undergoes  t  e 
cleavage  ‘  If  so,  such  salts  behave  very  differently  from  those  of  the 
alkaline-earth  group.  If  salts  of  these  metals  are  heated  alone,  decar¬ 
boxylation  of  a  different  type  occurs.  Two  molecules  are  condensed 
to  an  aldehyde  or  ketone,  a  carbonate  being  eliminated.  A  simple 
illustration  is  the  conversion  of  calcium  acetate  to  acetone  by  heating. 

(CH3C02)2Ca  - >  CH3COCH3  +  CaC03 

The  same  result  is  achieved  more  satisfactorily  by  a  vapor-phase  reac¬ 
tion.  Acetone  is  formed  when  acetic  acid  is  passed  through  a  hot  tube 
containing  manganous  oxide. 


2CH3CO2H 


MnO 


»  CH3COCH3  +  COo  +  h20 


Presumably  the  acetic  acid  reacts  in  the  form  of  manganous  acetate. 
Only  a  small  amount  of  the  oxide  is  required,  since  the  manganese 
acetate  is  regenerated  by  the  action  of  the  acid  on  the  manganous 
carbonate.  The  intermediate  formation  of  an  unstable  /3-keto  carbox- 
ylate  has  been  suggested. 

2CH3CO2-  CH3C0CH2C02- - »  CH3COCH3  +  co2 


In  support  of  this  hypothesis  is  the  fact  that  when  trimethylacetic  acid 
is  passed  over  thorium  oxide  no  hexamethylacetone  is  produced,  the 
chief  product  being  £-butyl  isobutyl  ketone.  This  result  suggests  that 
at  least  one  of  the  acid  molecules  forming  the  ketone  must  have  an 
a-hydrogen  atom. 

However,  it  is  known  that  thermal  decomposition  of  calcium  benzoate 
yields  benzophenone.  Likewise  formates,  which  cannot  yield  an  aldo 
acid,  undergo  this  type  of  pyrolysis.  Zinc  formate  produces  formalde¬ 
hyde. 

Zn(OCHO)2  - >  CH20  +  ZnC03 

It  is  to  be  noted  that  this  method  of  making  ketones  is  successful  with 
the  higher  acids  as  well.  Stearone,  for  example,  can  be  made  in  high 
yield  by  heating  magnesium  stearate  at  350-3600.14 

(Ci7H35C02)2Mg - >  C17H35COC17H35  +  MgO  +  C02 

The  method  is  useful  also  for  certain  unsymmetrical  ketones.  When 
a  mixture  of  acetic  and  phenylacetic  acids  is  passed  over  thorium  oxide 
at  430-450°,  benzyl  methyl  ketone  is  formed  in  a  65%  yield  (OS  II, 

14  Curtis,  Dobson,  and  Hatt,  J.  Soc.  Chem.  Ind.  {London),  66,  402  (1947). 


214 


DERIVATIVES  OF  CARBOXYLIC  ACIDS 

389).  Similaily,  ethyl  phenethyl  ketone  is  formed  from  propionic 
and  hydrocinnamic  acids  (OS  II,  391). 

CH3CH2C02H  +  C6H5CH2CH2C02H  - > 

CH3CH2COCH2CH2C6H5  +  co2  +  h2o 

A  large  excess  of  the  low-molecular-weight  acid  is  taken  in  order  to 
convert  the  more  expensive  acid  as  completely  as  possible  into  the 
unsymmetrical  ketone. 

Benzyl  methyl  ketone  may  be  made  also  by  heating  a  mixture  of 
phenylacetic  acid,  acetic  anhydride,  and  sodium  acetate.15  It  is  thought 
that  the  mixed  anhydride  may  be  an  intermediate. 

C6H5CH2CO 

C6H5CH2C02H  -f-  (CH3C0)20  >  >0  +  ch3co2h 

ch3co 

c6h5ch2co 

>0  - ►  C6H5CH2COCH3  +  co2 

ch3co 


In  this  connection  mention  should  be  made  of  the  curious  behavior 
of  sodium  formate;  when  heated  rapidly  to  360°  it  gives  off  hydrogen  and 
forms  sodium  oxalate. 


C02Na 

2HC02Na  - ►  |  +  H2 

C02Na 


Volatile  acids  may  be  converted  to  the  corresponding  aldehydes  by 
passing  a  mixture  of  the  acid  with  formic  acid  over  manganous  oxide. 

RC02H  +  HC02H  —  >  RCHO  +  H20  +  C02 

The  same  result  can,  of  course,  be  brought  about  b\  the  destiucti\e 
distillation  of  a  mixture  of  the  calcium  salts  of  the  acids. 


(RC02)2Ca  +  (HC02)2Ca  - ¥  2RCH0  +  2CaC03 

Suitably  constituted  dibasic  acids  form  cyclic  ketones.  Adipic  acid, 
for  example,  when  heated  at  285-295°  with  barium  hydroxide  yields 

cyclopentanone. 


CH2CH2C02H 

ch2ch2co2h 


CH2CH2x 

ch2ch/ 


CO  +  h2o  +  co 


2 


Actually  one  mole  of  adipic  acid  is  converted  to  cyclopentanone  in  a 
yield  of  80%  by  about  Ko  mole  of  barium  hydroxide  (OS  I,  192).  Lea 

is  Magidson  and  Garkusha,  J.  Gen.  Chem.,  11,  339  (1941). 
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salts  of  acids  have  been  found  to  give  the  corresponding  ketones  in 

yields  as  high  as  90%.  .  . 

This  method  has  been  employed  in  the  synthesis  of  large  rings,  cy 

ketones  of  more  than  thirty  members  having  been  made  in  this  way. 

Thorium  oxide  is  a  better  catalyst  than  barium  or  calcium  bases  foi 

the  closure  of  such  rings. 

A  useful  modification  of  the  foregoing  method  was  developed  by 
Blanc,  who  found  that  slow  distillation  of  the  anhydrides  of  certain 
dibasic  acids  produces  cycloalkanones.  The  anhydrides  are  formed  by 
heating  the  acids  with  acetic  anhydride.  Only  a  little  cycloheptanone 
can  be  produced  in  this  way,  and  even  for  cyclopentanone  and  cyclo¬ 
hexanone  the  yields  do  not  exceed  50%.  Alkyl  groups  have  a  remarkable 
effect  on  the  yields,  as  is  shown  by  the  following  examples,  in  all  of  which 
the  yields  are  nearly  quantitative. 


ch2-ch2 

I  >CO 

ch2-chch3 


CH2-C(CH3)2 
I  >C0 

ch2-ch2 


ch2-ch 


2\ 


CO 


ch3ch— ch/ 

CH3CH-CH2n 
I  CO 

CH3CH-CH2/ 


These  results  illustrate  the  general  rule  that  the  presence  of  alkyl  groups 
and  particularly  the  gem- methyl  group  [(CH3)2C]  enhances  the  tendency 
of  a  chain  to  undergo  cyclization.  The  original  strain  theory  of  Baeyer 
takes  no  account  of  the  influence  of  substituents. 

Blanc’s  results  are  summarized  in  what  is  known  as  the  Blanc  rule , 
which  states  that,  when  adipic  acids  or  pimelic  acids  are  heated  with 
acetic  anhydride  and  then  distilled  (at  about  300°),  cycloalkanones  are 
formed,  whereas  succinic  and  glutaric  acids  under  similar  conditions 
yield  cyclic  anhydrides.  This  rule  has  served  frequently  in  determining 
the  constitution  of  dibasic  acids  of  the  hydroaromatic  series.  However, 
it  is  not  always  valid;  sometimes  when  the  two  carboxyl  groups  are 
attached  to  different  rings,  a  seven-membered  anhydride  forms.16 


The  Action  of  Bromine  on  Silver  Salts 

A  remarkable  reaction  occurs  when  the  silver  salt  of  a  carboxylic  acid 

is  treated  with  bromine;  carbon  dioxide  is  lost  and  an  alkyl  bromide  is 
formed  (CR  40,  381). 

O 

ii 

RCOAg  +  Sr2  - ►  RBr  +  C02  +  AgBr 

18  Windaus,  Z.  physiol.  Chem.,  213,  147  (1932). 
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This  procedure  is  expensive  and  has  not  been  employed  widely  in 
synthetic  work.  It  is  of  especial  value  with  the  silver  salts  of  the  half 
esters  of  dibasic  acids,  affording  a  route  to  w-bromo  esters.  An  example 
is  the  synthesis  of  methyl  5-bromovalerate  (OS  26,  52;  54%  yield). 

CH2C02CH3  ch2co2ch3 

CH2CH2CH2C02Ag  +  Br2  - ¥  CH2CH2CH2Br  +  C02  +  AgBr 

The  method  has  served  also  for  long-chain  bromo  esters.  Methyl 
co-bromolaurate,  for  example,  can  be  produced  in  a  78%  yield  in  the 
following  way.17 

/CH2C02CH3  /CH2C02CH3 

(CH2)9  +  Br2  - ►  (CH2)9  +  C02  +  AgBr 

xCH2C02Ag  NCH2Br 


Another  useful  example  is  the  preparation  of  cyclobutyl  bromide  from 
cyclobutylcarboxylic  acid.18 

— iC02Ag  Br2  - iBr 


The  yield  of  bromide,  based  on  the  silver  salt,  is  53%. 


The  Kolbe  Electrolysis 


Kolbe’s  electrolytic  method  (p.  11)  bears  a  certain  resemblance  to  the 
bromine-silver  salt  process.  It  involves  electrolysis  of  the  salts  of  acids, 
yielding  the  hydrocarbon  produced  by  coupling  two  ol  the  hydrocarbon 


radicals. 


2RC02” 


electrolysis 


¥  R-R  +  2C02 


This  method  is  most  useful,  however,  with  dibasic  acids.  Ethyl  suberate, 
for  example,  can  be  made  by  the  electrolysis  of  potassium  ethyl  glutarate. 


2K02C  (CH2)3C02C2H5 


(CH2)3C02C2H5 

(CH2)3C02C2H5 


Another  example  is  ethyl  1,16-hexadecanedicarboxylate,  which  is 
made  in  a  55%  yield  by  electrolysis  of  potassium  ethyl  sebacate  (Ob  , 


48).  i  +  i  • 

2C2H502C(CH2)8C02K  eec  — — »  C2H502C(CH2)i6C02C2H5 

Kolbe’s  method  is  general  for  making  esters  of  dibasic  acids  ha\  ing  an 

even  number  of  carbon  atoms. 

17  Hunsdiecker  and  Hunsdiecker,  Ber.,  76B,  291  (1942). 
is  Cason  and  Way,  J.  Org.  Chem.,  14,  31  (1949). 
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OXIDATION 

The  oxidation  processes  to  be  discussed  in  this  chapter  are  those  in 
which  oxygen  is  bonded  with  carbon.  Combination  of  oxygen  with 
nitrogen  will  be  treated  later  with  other  reactions  of  nitrogen  compounds 
(p.  531).  The  reactions  of  sulfur  compounds,  including  oxidation,  are 
discussed  in  Chapter  XXIII. 

Oxidation  reactions  of  the  group  to  be  considered  here  may  be  effected 
by  a  variety  of  reagents  such  as  oxygen,  ozone,  hydrogen  peroxide, 
selenium  dioxide,  potassium  permanganate,  potassium  dichromate,  and 
nitric  acid.  By  a  proper  selection  of  the  reagent  almost  any  carbon 
compound  can  be  oxidized  and  usually  in  a  controlled  manner. 


Autoxidation 


Organic  compounds  of  many  types  undergo  oxidation  when  allowed 
to  stand  in  contact  with  air  or  oxygen.  The  over-all  process,  known  as 
autoxidation,  is  complex  and  usually  leads  to  a  mixture  of  products.  It 
is  generally  agreed,  however,  that  the  first  phase  (CR  46,  155)  con¬ 
sists  in  the  incorporation  of  a  molecule  of  oxygen  to  form  a  peroxide. 
One  of  the  most  instructive  examples  of  autoxidation  is  the  conversion 
of  hexaphenylethane  to  triphenylmethyl  peroxide. 

A  word  must  be  said  at  this  point  about  the  nature  of  molecular 
oxygen  and  its  mode  of  attack.  There  is  much  evidence  to  support 

the  idea  J;hat  molecular  oxygen  possesses  the  structure  -O-O-  rather 

than  0-0.  In  particular,  this  structure  affords  an  explanation  of  the 

gieat  reactivity  of  oxygen  and  also  of  the  manner  in  which  it  reacts. 

.  Tlie  reaction  with  triphenylmethyl  is  very  rapid  and  gives  the  peroxide 
in  quantitative  yields. 


2(C6H5)3C-  +  O2 


(C6H5)3COOC(C6H5)3 


A  study  of  the  reaction  rates,  however,  revealed  that  the  formation  ol 

di  WPtheny  T!lhyl  per0Xlde  from  hexaphenylethane  is  faster  than  the 
ssociation  of  the  ethane  to  triphenylmethyl.  The  following  mecha¬ 
nism  provides  a  satisfactory  explanation  of  the  facts  (AR  1937  231) 
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(C6H5)3C-C(C6H5)3  2(C6H5)3C* 

(C6H5)3C-  +  -O-O-  - ►  (C6H5)3C-0-0- 


(C6H5)3C-0-0.  +  (C6H5)3C-C(C6H5)3  - > 

(C6H5)3C-6-0-C(C6H5)3  +  (C6H5)3C. 


The  formulation  of  autoxidation  as  a  chain  reaction  affords  an  explana¬ 
tion  of  the  fact  that  it  is  inhibited  by  antioxidants  such  as  hydroquinone. 
This  interpretation  is  borne  out  by  the  observation  that  the  oxidation 
of  the  hexaarylethane  induces  a  chain  oxidation  of  other  compounds 
such  as  styrene  and  dimethylfulvene. 

Ethers  seem  to  be  particularly  prone  to  form  peroxides.  This  reaction 
is  appreciable  with  low-molecular-weight  aliphatic  ethers  such  as  ethyl 
and  isopropyl,  and  as  a  consequence,  when  these  ethers  have  been 
allowed  to  stand  for  a  long  time  in  contact  with  air,  they  are  found  to 
contain  peroxides  in  sufficient  quantity  to  make  their  distillation 
hazardous.  When  the  ether  is  distilled,  the  peroxides  remain  behind  as  a 
highly  explosive  residue.  Dioxane,  another  important  solvent,  also 
forms  peroxides.  A  solid  hydroperoxide  has  been  obtained  by  oxidation 
of  tetrahydrofuran.1 

To  destroy  the  peroxide  it  is  sufficient  to  treat  the  ether  with  an 
aqueous  solution  of  ferrous  sulfate  2  or  to  pass  it  through  a  vertical 
column  of  activated  alumina.3  Ethyl  ether  can  be  freed  of  peroxides 

by  shaking  with  a  copper-zinc  couple.4 

It  may  be  mentioned  here  that  hydroperoxides  as  well  as  alkyl  perox¬ 
ides  can  be  made  by  alkylation  of  hydrogen  peroxide.  Of  the  simple 
alkyl  peroxides  £-butyl  peroxide  is  the  most  stable.  When  Z-butyl  alcohol 
or  isobutylene  is  allowed  to  react  in  the  cold  with  sulfuric  acid  (70%), 
and  an  equivalent  amount  of  30%  hydrogen  peroxide  is  added  slowly,  a 
mixture  is  obtained  which  contains  50-70%  t- butyl  hydroperoxide  and 
30-50%  of  *-butyl  peroxide.5 

£-Butyl  perbenzoate  and  perphthalate  are  also  well  known,  these 
new  peroxides  are  superior  agents  for  initiating  vinyl  polymerization 

(p.  612).6  .  .  , 

It  will  be  helpful  to  consider  peroxidation  apart  from  the  reactions 
involved  in  the  subsequent  breakdown  of  the  peroxide. 


1  Robertson,  Nature ,  162,  153  (1948). 

2  Williams,  Chem.  Ind.,  65,  580  (1936).  . 

a  Dasler  and  Bauer,  Ind.  Eng.  Chem.,  Anal.  Ed.,  18,  o2  (1946). 

4  Fierz-David,  Chimia,  1,  246  (1947). 

*  Milas  and  Surgenor,  J.  Am.  Chem.  Soc.,  68,  205  (1946). 

6  Perry  and  Seltzer,  Modem  Plastics,  25,  134,  216,  218,  220,  222  (  J  ). 


PEROXIDATION 

Peroxidation.  It  would  appear  that  peroxidation  is  a  characteristic 
reaction  of  compounds  containing  active  CH,  CH2,  or  CH3  groups  an 
that  the  rate  of  the  oxidation  is  increased  with  increase  in  the  reactivity 
of  the  C-H  bond  in  question.  In  support  of  this  suggestion,  it  is  known 
that  an  alkyl  side  chain  on  an  aromatic  ring  is  attacked  exclush  ely  at 
the  methylene  group  next  to  the  ring,  a  well-known  example  of  this 
behavior  being  the  formation  of  the  hydroperoxide  of  tetralin. 

Tetralin  is  particularly  suited  to  a  study  of  peroxidation  because  it  is 
attacked  by  oxygen  in  boiling  carbon  tetrachloride  (b.p.  76°)  and  gives 
high  yields  of  the  corresponding  hydroperoxide.7  The  readiness  with 
which  tetralin  undergoes  autoxidation  as  compared  with  the  paraffins 
is  to  be  ascribed  to  the  formation  of  the  resonance-stabilized  1-tetralyl 
radical  as  an  intermediate.  The  evidence  indicates  that  the  reaction  is 
of  the  chain  type  and  that  the  1-tetralyl  radical  is  involved  as  follows. 


CH 

^CH, 


/ 

ch2 


ch2 


+  Oj 


4 


CHO-O  • 

A/  xch2 

k/\  /CH2 

ch2 


CHO-O 

\ch2 


V\  /CIi2 

ch2 


+ 


ch2 
\ch2 

V\  /CH2 

ch2 


CH  CHO-OH 

A/  \ch2  ^CH, 

I  + 


.CH. 


CH. 


CH. 


CH. 


The  uptake  of  oxygen  by  tetralin  has  been  shown  to  be  catalyzed  by 
compounds  such  as  benzoyl  peroxide  and  lead  tetraacetate,  which  are 
known  to  generate  free  hydrocarbon  radicals.  Other  oxidizing  agents 
notably  chromium  trioxide  and  potassium  permanganate,  are  known  to 
catalyze  autoxidation  in  homogeneous  solutions.  Such  oxidizing  agents 
promote  oxygen  uptake  by  tetralin  only  when  they  are  simultaneously 
reacting  with  tetralin  itself  to  produce  free  tetralyl  radicals.8 

!  and  Waters’  Tram-  Faraday  Soc.,  42,  201  (1946). 

Haters,  Trans.  Faraday  Soc.,  42,  184  (1946). 
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CH2 

S\/  \ 


Ox.  -f 


GTL 


V\  /CIi2 

ch2 


Ox.-H  + 


CH- 


V\  /CH2 

ch2 


Oxidation  by  chromium  trioxide  in  glacial  acetic  acid  generally  is 
accompanied  by  oxygen  uptake  by  the  free  radical  formed  by  abstraction 
of  a  neutral  hydrogen  atom  which  is  an  intermediate  in  such  oxidations. 
Oxygen  uptake  occurs  only  while  oxidation  by  the  chromium  trioxide  is 
going  on  and  is  regarded,  in  fact,  as  a  diagnostic  test  for  the  presence  of 
the  transient  free  radicals.  Oxygen  uptake  has  been  shown  to  occur 
with  hydrocarbons,  alcohols,  ethers,  and  ketones.9 

Autoxidation  is  a  general  reaction  of  compounds  containing  an  aro¬ 
matic  side  chain  (AR  1945,  130).  Thus  hydroperoxides  have  been 

V 

obtained  from  ethylbenzene,  p-xylene,  cumene,  diphenylmethane, 
indan,  and  octahydroanthracene.10  Similar  results  have  been  reported 
for  many  other  hydrocarbons,  including  naphthenes.11 

Peroxide  Breakdown.  The  uncatalyzed  peroxidation  of  tetralin  is 
very  slow  at  the  outset,  formation  of  the  first  traces  of  the  hydroperoxide 
being  due  to  an  adventitious  catalyst  the  nature  of  which  is  unknown. 
The  hydroperoxide,  however,  is  a  catalyst  for  the  peroxidation,  and,  as 
its  concentration  increases,  the  uptake  of  oxygen  becomes  more  rapid. 
In  the  final  stage  of  the  autoxidation  the  hydroperoxide  is  broken  down 
by  the  removal  of  the  elements  of  water,  yielding  1-tetralone.  This 
ketone  can  be  made  in  56%  yields  by  drawing  a  slow  stream  of  air 
through  tetralin  for  55  hours  at  72-78°  and  pouring  the  hydroperoxide 
thus  formed  into  2  N  sodium  hydroxide  solution  (OS  20,  94).  This 
method  has  the  disadvantage  that  the  ketone  is  contaminated  with 

1-tetralol,  which  is  very  difficult  to  remove.12 

The  conversion  of  tetralin  to  1-tetralone  illustrates  the  behavior  of 
aromatic  hydrocarbons  bearing  suitable  side  chains.  m-Ethylaceto- 
phenone  can  be  made  similarly  from  m-diethylbenzene. 

Paraffinic  Hydrocarbons.  Oxygen  attacks  paraffinic  hydrocarbons 
almost  exclusively  at  a  tertiary  carbon  atom  if  one  is  present.  To 
compare  the  reactivity  of  a  tertiary  carbon  atom  with  that  of  primary 
and  secondary  carbon  atoms,  the  autoxidation  of  1,4-dimethylcyclo- 


9  Waters,  J.  Chem.  Soc .,  1151  (1946). 

10  Hock  and  Lang,  Ber.,  77,  257  (1944).  no491 

u  Larsen,  Thorpe,  and  Armfield,  Ind.  Eng.  Chem.,  34,  183  (194  ). 

12  Mentzer  and  Billet,  Bull.  soc.  chim.,  835  (1948). 

13  Mowry,  J.  Am.  Chem.  Soc.,  67,  1050  (1945). 
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hexane  was  studied.14  At  100°  116  g.  of  the  hydrocarbon  absorbs  30.7  g. 
of  oxygen  rapidly,  yielding  1,4-dimethylcyclohexanol  as  the  chiel 
product  (30  g.).  Other  products  are  water,  carbon  dioxide  (5.2  g.), 
/3-methyl-5-acetylvaleric  acid  (8-9  g.),  acetic  acid  (4-5  g.),  ^-methyl- 
valeric  acid  (2-3  g.),  dimethylcyclohexanediol  (5.5  g.),  and  acetonyl- 
acetone  (0.5  g.).  Small  amounts  of  hydrogen,  carbon  monoxide,  meth¬ 
ane,  ethane,  and  formic  acid  are  also  detected.  These  results  show  that 
reaction  occurs  at  the  tertiary  carbon  atom,  the  initial  hydroperoxide 
being  reduced  to  the  corresponding  alcohol  or  oxidized  to  open-chain 
compounds. 

Isobutane  suffers  attack  at  the  tertiary  carbon  atom,  being  converted 
to  2-butyl  hydrogen  peroxide,  2-butyl  peroxide,  and  2-butyl  alcohol  in 
high  yields.  In  the  presence  of  hydrogen  bromide  as  a  catalyst  the 
oxidation  proceeds  readily  at  155-1650.15  Straight-chain  paraffins  higher 
than  ethane  are  oxidized  at  a  secondary  carbon  atom  in  the  presence  of 
hydrogen  bromide,  the  principal  products  being  ketones.16 

Decalin  likewise  undergoes  autoxidation  at  a  tertiary  carbon  atom. 
By  acetylation  or  benzoylation  the  peroxide  (I)  can  be  converted  to  the 
corresponding  per  ester.  The  per  esters  undergo  a  curious  change  when 
heated,  rearranging  to  esters  of  the  hemiacetal  (II). 


OH 

CH2CH2C-CH2CH2 


OOH 

CH2CH2C-CH2CH2 

ch2ch2chch2ch2 


I 


o 


ch2ch2chch2ch2 

II 


I 


It  has  been  suggested  that  this  change  is  initiated  by  polarization  of 
the  0-0  bond  in  the  per  ester,  resulting  in  the  formation  of  an  inter¬ 
mediate  that  behaves  as  though  it  had  structure  III.17 


+ 


ch2ch2c-ch2ch2 

ch2ch2chch2ch2 

III 


o 

I 


ch2ch2c-ch2ch2 


o 


ch2ch2chch2ch2 

IV 


j*  Chavanne  and  Bode,  J.  Am.  Chem.  Soc.f  52,  1609  (1930). 
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This  ion  might  behave  like  a  carbonium  ion  and  rearrange  to  the  car- 
bonium  ion  (IV),  which  by  union  with  the  benzoate  or  acetate  ion  would 
form  an  ester  of  II. 

The  formation  of  phenol  and  acetone  in  the  hydrogen  bromide  cata¬ 
lyzed  oxidation  of  cumene  may  be  explained  in  a  similar  way.18 


ch3  ch3  ch3 

c6h5ch  - ►  C6H5COOH - ►  C6H5OCOH 

ch3  ch3  ch3 


c6h5oh  +  ch3coch3 


A  comparison  of  the  reactivity  at  primary  and  secondary  carbon 
atoms  was  made  by  a  study  of  normal  paraffins.19  It  was  shown  that 
oxidation  of  n-decane,  n-nonane,  and  n-octane  with  oxygen  at  atmos¬ 
pheric  pressure  and  at  a  temperature  of  120°  produces  preponderant 
amounts  of  the  corresponding  methyl  ketones  as  well  as  a  series  of 
carboxylic  acids  containing  from  1  to  n  —  1  carbon  atoms,  n  being  the 
number  of  carbon  atoms  in  the  hydrocarbon.  These  data  indicate  that 
the  attack  of  oxygen  is  not  at  the  primary  (terminal)  but  at  a  secondary 


carbon  atom.  The  /3-carbon  atom  is  involved  primarily,  the  gamma 
secondarily,  and  so  on  to  the  middle  of  the  chain.  Thus,  formic,  acetic, 
and  propionic  acids  would  be  expected  in  the  order  of  decreasing  con¬ 
centration.  A  study  of  the  oxidation  of  lubricating  oils  has  confirmed 
this  prediction  (CR  38,  197). 

Before  the  outbreak  of  World  War  II  much  attention  had  been  given 
to  the  problem  of  making  higher  fatty  acids  by  air  oxidation  of  higher 
paraffins.  Many  processes  had  been  patented  which  indicated  the 
procedure  to  be  feasible,  at  least  for  making  soaps.  The  standard  pro¬ 
cedures  involve  blowing  air  through  a  mixture  of  hydrocarbons.  During 
World  War  II  the  Germans  used  this  method  to  manufacture  fatty  acic  s 
on  a  large  scale.  The  acids  were  separated  by  careful  fractionation  It 
is  reported  that  acids  from  C,  to  C24  were  made  available  by  this 

dCThePRv“sians  have  described  many  attempts  to  produce  fatty  acids 
from  paraffin  wax  and  paraffinic  oil  fraction^  ^r  e=.e  i  - 
found  that  in  the  oxidation  of  a  Grozny  paraffin  at  160-180  iv  th  a 
at  15-30  atmospheres,  20-74%  of  the  paraffin  reacted  and  70%  or 

..Barnett,  Bell,  Dickey,  Rust,  and  Vaughan  M4 • 

i9  Chavanne  and  Took,  Bull.  soc.  chim.  Belg.,  41,  630(1932),  .uuponi. 

Bull  soc.  chim.  Belg.,  42,  537  (1933). 

so  Ind.  Eng.  Chern.,  News  Ed.,  23,  1510  (194o). 
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of  the  reaction  products  were  fatty  acids.  In  an  attempt  to  de\  e  op  a 
commercial  method  for  producing  higher  alcohols,  hexadecane  was 
oxidized  with  air  under  a  pressure  of  2000  lb.  per  sq.  in.  at  temperatures 
from  190  to  300°. 21  The  product,  which  contained  alcohols,  acids, 
esters,  and  carbonyl  compounds,  was  hydrogenated,  yielding  a  mixtuie 
of  alcohols  having  an  average  molecular  weight  as  high  as  165.  .  The 
hydrogenation  was  carried  out  at  a  pressure  of  2000  lb.  per  sq.  in.  in 
the  presence  of  a  copper-chromium  oxide  catalyst.  The  mixtuie  of 
alcohols  behaves  normally  toward  the  Grignard  reagent.  Conversions 
for  the  two-step  process  were  as  high  as  17%. 

One  of  the  chief  difficulties  in  the  transformation  of  paraffins  to 
carboxylic  acids  is  that  the  oxidation  cannot  be  restricted  to  a  single 
point  in  the  chain.  This  disadvantage  is  not  encountered,  of  course, 
in  the  simple  cycloparaffins.  Thus  it  is  possible  to  prepare  adipic  acid 
by  the  direct  oxidation  of  cyclohexane  (p.  236). 

Olefins.  The  old  idea  that  autoxidation  of  olefins  involved  attack  at 
the  point  of  unsaturation  has  been  abandoned  in  view  of  the  demon¬ 
stration  in  a  number  of  cases  that  the  initial  product  is  a  hydroperoxide 
formed  by  absorption  of  a  molecule  of  oxygen  at  the  methylene  group 
adjacent  to  the  double  bond.  Cyclohexene,  for  example,  yields  the 
hydroperoxide  (I).22 

Similarly,  the  primary  autoxidation  product  of  1-hexene  is  the  hydro¬ 
peroxide  (II).23 


CHOOH 

/  \ 

ch2  ch 

ch2  ch 

\  / 

ch2 

I 

The  i  esonance-stabilized  free  radicals  which  are  formed  in  the  first 
step  of  these  reactions  have  two  forms  when  the  unsaturation  is  non¬ 
terminal.  Moreover,  each  form  possesses  allylic  resonance  and  might 
e  expected  to  give  rise  to  two  hydroperoxides.  Experiment  has  shown 

uat  in  the  peroxidation  of  methyl  oleate  attack  occurs  at  carbon  atoms 
o,  9,  10,  and  ll.24 

22  ^aSS>  McBee>  and  Churchill,  Ind.  Eng.  Chem.,  37,  445  (1945). 

-  Criegee,  Pilz,  and  Flygare,  Ber.,  72B,  1799  (1939). 

*  Hock  and  Neuwirth,  Ber.,  72B,  1562  (1939). 

24  Ross,  Gebhart,  and  Gerccht,  J.  Am.  Chem.  Soc.,  71,  282  (1949). 
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CH3(CH2)6CHCH=CHCH2(CH2)6C02CH3 

1 

CH3  (CH2)6CH=CHCHCH2  (CH2)6C02CH3 
CH3(CH2)6CH2CH=CHCH(CH2)6C02CH3 

I 

CH3(CH2)6CH2CHCH=CH(CH2)6C02CH3 

It  has  been  found  that  1,4-dienes  undergo  peroxidation  accompanied 
by  double  bond  displacement,  an  example  being  ethyl  linoleate.25 

CH3(CH2)4CH=CHCH2CH=CH(CH2)7C02C2H5  +  02  - > 

CH3(CH2)4CHCH=CHCH-CH(CH2)7C02C2H5 

ooh 

Dienes.  Conjugated  dienes  and  polyenes  take  up  molecular  oxygen 
rapidly  under  the  influence  of  ultraviolet  light  or  slowly  in  diffuse  light 
to  yield  peroxides,  often  called  photo-oxides,  produced  by  the  addition 
of  the  oxygen  to  the  ends  of  the  diene  system.  An  example  of  a  pei  oxide 
of  a  diene  is  ascaridole,  the  naturally  occurring  peroxide  of  a-terpinene. 

CH=CH 

CH3C— O — O— CCH  (CH3)2 

\  / 

ch2-ch2 

It  is  sufficiently  stable  to  be  distilled  in  vacuo.  Photo-oxides  which  con¬ 
tain  a  peroxide  bridge  in  a  1,4  position,  called  transannular  peroxides, 
are  known  not  only  in  the  alicyclic  series  but  also  in  the  aromatic  series. 
Much  evidence  has  been  accumulated  to  show  that  aromatic  hydrocar¬ 
bons  containing  the  basic  resonating  system  of  9,10-diphenylanthracene 
form  photo-oxides  which  are  dissociated  by  heat  to  form  the  origina 
hydrocarbon  and  oxygen.-  Perhaps  the  most  striking  of  these  is  rubrene 
peroxide,  the  peroxide  of  5,6,11,12-tetraphenylnaphthacene  (CR  28, 

367). 

»  Bolland  and  Gee,  Trims.  Faraday  Soc.,  42,  236  (1946). 

26  Dufraisse,  Bull.  soc.  chim.,  (5)  6,  422  (1939). 
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Rubrene  Rubrene  peroxide 


Anthracene  and  its  derivatives  which  do  not  have  aryl  substituents  at 
each  of  the  mcso-carbon  atoms  may  form  peroxides  in  ultraviolet  light, 
but  such  peroxides  are  not  dissociated  by  heat  to  form  the  original 
reactants. 

Artificially  formed  peroxides  of  conjugated  olefinic  compounds, 
although  possessing  high  thermal  stability,  are  polymeric  in  character.27 

Oxidation  of  Aldehydes 

Aldehydes  undergo  autoxidation  when  allowed  to  remain  in  contact 
with  air  or  oxygen,  the  reaction  being  of  the  chain  type.  Benzaldehyde, 
for  example,  reacts  in  the  following  way.28 

O  O 

C6H5C-  +  02  - >  C6H5C-0-0- 

OOO  O 

C6H5C-0-0.  H~  CeH5CH  - >  C6H5C-O-OH  +  C^HsC- 

The  reaction  can  be  initiated  by  a  free  radical  such  as  triphenylmethyl, 
which  serves  to  generate  the  benzoyl  radical. 

(C6H5)3C-  +  02  - ¥  (C6H5)3C-0-0 . 

V  0 

(C6H5)3C-0-0-  +  C6H5CH  - *  (C6H5)3C-0-0H  +  c6h5c- 

Additional  evidence  for  this  hypothesis  is  that  the  reaction  is  power¬ 
fully  influenced  by  antioxidants  (p.  218).  For  example,  the  autoxidation 
of  benzaldehyde  is  greatly  retarded  by  certain  phenylated  olefins.  Thus 
dibiphenyleneethylene  in  the -amount  of  1.3%  of  the  weight  of  the 
aldehyde  reduces  the  rate  of  autoxidation  of  benzaldehyde  sixteen-fold 
and  is  itself  simultaneously  oxidized  to  fluorenone.29  When  catalyzed 

2'  Farmer,  Trans.  Faraday  Soc.,  42,  228  (1946). 

28  Backstrom,  Z.  physik.  Chem .,  B25,  99  (1934). 

29  Wittig  and  Lange,  Ann.,  636,  266  (1938k 
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by  ferric-ferrous  iron,  autoxidation  of  benzaldehyde  leads  to  high  yields 
of  perbenzoic  acid.30 

Other  compounds  can  be  caused  to  absorb  oxygen  in  the  presence  of 
benzaldehyde;  oleic  acid,  for  example,  is  converted  to  9,10-epoxystearic 
acid.  This  result  may  be  due  to  the  intermediate  formation  of  perbenzoic 
acid  (p.  230). 

Autoxidation  is  often  accompanied  by  chemiluminescence  and  is 
thought  to  be  the  cause  of  the  “cold  light”  produced  by  fireflies  and  glow¬ 
worms. 

Air  oxidation  of  certain  aldehydes  is  carried  out  on  a  commercial 
scale.  Acetic  acid  is  prepared  industrially  by  oxidation  of  acetaldehyde 
obtained  from  acetylene.  Air  is  passed  into  the  aldehyde  at  70°  in  the 
presence  of  manganous  acetate. 

CH3CHO  +  (O)  - >  CH3CO2H 


A  number  of  other  aldehydes,  produced  by  dehydrogenation  of  alcohols, 
are  converted  to  acids  on  a  large  scale  by  this  method. 

Aldehydes  are  readily  oxidized  by  the  usual  reagents  to  the  corre¬ 
sponding  acids.  The  Fehling,  Tollens,  and  Benedict  tests  foi  aldeh\  des 
are  based  on  this  property.  The  Tollens  test  is  general  for  aldehydes, 
whereas  the  Fehling  and  Benedict  tests  are  limited  to  aliphatic  alde- 

hydes.  , 

n-Heptaldehyde,  one  of  the  few  aliphatic  aldehydes  that  can  be  made 

readily  from  natural  products  (p.  18),  is  converted  to  n-heptoic  acid 

in  a  78%  yield  by  oxidation  with  acid  permanganate  (OS  II,  315). 


3C6H13CHO  +  2KMn04  +  H2S04 


3C6H13C02H  +  K2S04  +  2Mn02  +  H20 

The  use  of  this  relatively  strong  oxidizing  agent  is  satisfactory  m  this 
instance  because  of  the  fact  that  the  oxidation  product,  a  saturated 
aliphatic  acid,  is  resistant  to  further  oxidation.  A  similar  example  is 
the  oxidation  of  ,3-chloropropionaldehyde  to  /3-chloroprop.omc  acid  with 

nitric  acid  (OS  I,  166). 

C1CH2CH2CH0  - >  C1CH2CH2C02H 

Trichloroacetic  acid  is  produced  from  chloral  by  a  similar  oxidation. 

CertTn  aromatic  aldehydes  are  readily  available  from  natural  sources 
and  serve  as  raw  materials  in  the  production  of  the  corresponding  ac  . 

so  Wieland  and  Richter,  Ann.,  486,  226  (1931), 
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An  example  is  piperonal,  which  can  be  oxidized  to  piperonylic  acid  in 
an  84%  yield  with  potassium  permanganate  (OS  II,  538). 


o — ch2 


o 


KMn04 


CHO 


o— CH2 


O 


C02H 


Piperonal  is  made  by  oxidation  of  isosafrole  (p.  232). 

A  number  of  unsaturated  acids  are  made  by  oxidation  of  the  corre¬ 
sponding  aldehydes,  crotonic  acid  being  the  most  important. 

A  procedure  involving  silver  oxide  has  been  developed  for  aldehydes 
that  contain  other  easily  oxidizable  groups.  Vanillic  acid,  for  example, 
can  be  made  in  high  yield  by  treating  vanillin  with  silver  oxide  in  the 
presence  of  sodium  lrydroxide. 


2 


OH 

f%OCHs 

V 

CHO 


+  Ag20  +  2NaOH 


ONa 

/N0CH3 

V 

C02Na 


+  2Ag  -f-  H2O 


Another  method  of  achieving  this  result  is  to  heat  vanillin  with  a 
mixture  of  sodium  and  potassium  hydroxides. 


OH 

rAoCH3 

V 

CHO 


2KOH 


OK 

rA()CH3 

V 

C02K 


+  H2  +  H20 


The  oxidizing  action  of  fused  alkalies  is  general  for  aldehydes,  beino' 
employed  for  example,  to  convert  such  diverse  substances  as  acet- 
u  tie  it  de  and  furfural 32  to  salts  of  the  corresponding  acids. 


Glycol  Formation 

When  olefinic  compounds  are  treated  with  dilute  permanganate 
so  ution,  glycols  are  formed,  and  if  the  oxidation  is  carefully  controlled, 

3a-H  yTr  ^(‘h.ulze’  J-  Am-  Chem •  Soc 48,  958  (1926). 

UF  ’  0  1  b  antl  Osborne,  J .  Am.  Chem.  Soc.,  54,  2532  (1932) 
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the  glycols  often  may  be  obtained  in  relatively  high  yields.  Examples 
are  isobutylene,  cinnamic  acid,  and  oleic  acid. 

OH  OH 

CH3C=CH2 - >  CH3C - CH2 

ch3  ch3 

OH  OH 

C6H5CH=CHC02H - >  c6h5ch-chco2h 

CH3(CH2)7CH=CH(CH2)7C02H - ►  CH3(CH2)7CH-CH(CH2)7C02H 

OH  OH 


The  Baeyer  test,  which  depends  on  oxidation  by  permanganate,  is  very 
general  and  illustrates  the  ease  with  which  multiple  linkages  are  at¬ 
tacked. 

A  good  deal  of  interest  attaches  to  the  discovery  that  in  the  oxidation 
of  maleic  and  fumaric  acids  by  permanganate  the  two  hydroxyl  groups 
enter  the  molecule  at  the  points  previously  united  in  the  double  bond, 
i.e.,  cis  addition  takes  place.  Maleic  acid  yields  raeso-tartaric  acid  and 
fumaric  DL-tartaric  acid.  This  result  has  proved  to  be  geneial  foi  the 
conversion  of  olefinic  compounds  to  glycols  by  the  use  of  permanganate. 

C02H 

i 

H-C-C02H  KMn04v  H-COH 

h-c-co2h  *  h-coh 

co2h 


It  is  now  known,  however,  that  this  reagent  is  not  typical;  addition 
reactions  usually  take  place  in  the  trans  manner,  illustrated  by  the  addi- 

tion  of  bromine  (p.  48).  . , 

The  synthesis  of  glyceraldehyde  from  acrolein  involves  such  anox.da- 

tion.  However,  before  the  oxidation  can  be  earned  out  the  aldehyde 

group  must  be  protected;  aldehydes  are  sensitive  to  a  kal.es  Acetals 

as  has  been  noted  (p.  179),  are  cleaved  by  acids  but  unatteclmd  by 

alkalies  The  problem  can  thus  be  solved  by  converti  g 

to  acetals  from  which  'they  can  be  regained  at  a  later  point  m  he 

The  first  step  in  *h*  » 

conversion  of  acrolein  to  its  acetal  (OS  II,  17,  137,  305,  30/ ,  25,  1). 
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CH2=CHCHO  +  2C2H5OH  +  HC1 


C1CH2CH2CH(0C2H5)2  +  h20 


C1CH2CH2CH(0C2H5)2  +  KOH  - ¥ 

CH2=CHCH(OC2H5)2  +  KC1  +  h2o 

CH2=CHCH(OC2H5)2  +  H20  +  [0](KMn04)  - ¥ 

CH2-CHCH(OC2H5)2 

OH  OH 

CH2CHCH(OC2H5)2  +  H20  H;S°4  >  CH2CHCHO  +  2C2H5OH 
OH  OH  OH  OH 

In  the  presence  of  osmium  tetroxide,  vanadium  pentoxide,  chromium 
trioxide,  or  even  ultraviolet  light,  hydrogen  peroxide  behaves  as  though 
it  dissociates  into  two  hydroxyl  radicals,  which  add  to  an  ethylenic  bond 
to  yield  a  glycol.  One  procedure  which  is  used  involves  treatment  of  the 
olefinic  substance  with  hydrogen  peroxide  in  the  presence  of  osmium 
tetroxide,  the  hydroxylation  being  carried  out  in  anlr^drous  £-butyl 
alcohol.  By  this  method,  for  example,  glycerol  and  phenylglyceric  acid 
are  obtained  in  yields  of  60%  and  56%,  respectively.33 

ch2=chch2oh  — ►  ch2chch2 

OH  OHOH 

c6h5ch=chco2h  — »  c6h5chchco2h 

OHOH 


An  interesting  and  valuable  feature  of  this  method  of  glycol  formation 
is  that  addition  almost  always  occurs  in  the  cis  manner.  Glycols  formed 
by  way  of  the  chlorohydrins  and  epoxy  derivatives  usually  have  the 
opposite  configuration.  These  results  have  been  explained  by  postulat¬ 
ing  the  formation  of  cyclic  intermediates.  A  similar  explanation  has 
been  advanced  for  the  cis  addition  which  occurs  with  permanganate 
(AR  1937,  230). 


-CH 

-b  OSO4 

-CH 


-CH-0 


\ 


OsCh 


-CH-CK 


2H20  -CHOH 

- —4 

-CHOH 


Olefins  can  be  converted  to  the  corresponding  glycols  also  by  the 
method  of  Prevost.  It  involves  treatment  of  the  olefin  with  the  complex 
ormed  by  iodine  and  silver  benzoate.  An  example  is  the  formation  of 
i,z-nexadecanediol  from  1-hexadecene.34 


1  ™aS  and  Sussman>  J-  Am.  Chem.  Soc.,  58,  1302  (1936). 
Aiemann  and  Wagner,  J.  Org.  Chem.,  7,  227  (1942). 
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CH3(CH2)13CH=CH2 


CelhCChAg 

- : — ► 

h 


CH3(CH2)13CHOCOC6H5  - »  glycol 

CH2OCOC6H5 

Methyl  oleate  and  methyl  elaidate  furnish  the  low-  and  high-melting 
forms,  respectively,  of  9,10-dihydroxystearic  acid.35 

Hydroxylation  by  the  Prevost  method  is  known  to  be  stereospecific, 
yielding  trans  glycols.36 


Epoxidation 

Per  acids  such  as  perbenzoic  acid  transform  olefins  quantitatively 
into  the  corresponding  oxirane  (epoxy)  compounds.  This  reaction  forms 
the  basis  of  Prilezhaev’s  method  for  determining  the  number  of  double 
bonds  in  a  molecule.37 

0 

RCH=CHR  +  C6H5C03H  - >  RCH-CHR  +  C6H5C02H 


It  is  accurate  only  for  isolated  double  bonds,  conjugated  double  bonds 
particularly  those  conjugated  with  carbonyl  groups  reacting  slowly 
or  not  at  all.  Maleic  acid,  for  example,  is  unattacked;  cinnamaldehyde 
reacts  slowly. 

The  method  is  valuable  also  in  the  synthesis  of  oxirane  compounds. 
Styrene  reacts  readily  with  perbenzoic  acid  to  give  a  75%  yield  of  styrene 
oxide  (OS  I,  494). 

If  an  olefinic  compound  is  treated  with  a  mixture  of  hydrogen  peroxide 
and  formic  acid,  a  high  yield  of  the  formoxy  hydroxy  derivative,  which  is 
easily  hydrolyzed  to  the  dihydroxy  compound,  is  obtained.  The  first 
step  in  the  reaction  is  the  generation  of  performic  acid,  which  then  con¬ 
verts  the  olefin  to  the  corresponding  oxirane.  The  reaction  of  formic 
acid  with  hydrogen  peroxide  is  reversible  and  goes  to  completion,  since 
the  per  acid  reacts  as  formed  with  the  olefin. 

H202  +  HC02H  ;=±  HCOsH  +  H20 

Formic  acid  then  acts  upon  the  oxide  to  open  the  oxirane  ring,  forming 
the  hydroxy  formoxy  derivative,  which  can  be  hydrolyzed  to  the  corre¬ 
sponding  glycol.38  Acetic  acid  can  replace  formic  acid  in  this  method  it 

sulfuric  acid  is  present  as  a  catalyst. 


35  Wittcoff  and  Miller,  J.  Am.  Chem.  Soc.,  69’  313^  (1^47)' 

*  Sletzinger  and  Dawson,  J.  Org.  Chem.  14,  840  (  ■  •  • 

”  Findley,  Swern,  and  Scanlan,  J.  Am.  Chem.  Soc.,  ,  -  •  • 

»  Swern,  Billen,  Findley,  and  Scanlan,  J.  Am.  Chem.  Soc.,  67,  1786  (1945). 
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frans- 1,2-Cyclohexanediol  can  be  made  in  satisfactory  yield  by  treat- 
ing  cyclohexene  with  30%  hydrogen  peroxide  in  the  presence  of  88% 
formic  acid  (OS  28,  35  ]  /3%  3  ielcl) . 


/\ 

+  H2O2 


hco2h 

- > 

h2o 


/Noh 


Ethylene  can  be  converted  to  ethylene  oxide  by  passing  a  mixture  of 
ethylene  and  air  over  a  silver  catalyst  at  200-350°.  The  adsorption  of 
oxygen  increases  the  electrical  resistance  of  the  silver  catalyst  and  hence 
can  be  followed  by  resistance  measurements.  The  oxidation  may  yield 
ethylene  oxide  or  carbon  dioxide  and  water.  Since  higher  concentra¬ 
tions  of  oxygen  on  the  surface  favor  the  formation  of  cleavage  products, 
it  has  been  suggested  that  this  type  of  oxidation  occurs  when  an  ethylene 
molecule  takes  up  two  oxygen  atoms  from  the  silver  surface.  On  the 
other  hand,  ethylene  oxide  forms  when  an  ethylene  molecule  encounters 
a  single  oxygen  atom.39 


ch2=ch2 

6  6  — >  ch2o  +  ch2o  — ¥  co2  +  h2o 

/  \  /  \ 

Ag  Ag  Ag  Ag 

ch2=ch2  CH2CH2 

\  / 

o  - ►  0 

/  \ 

Ag  Ag  Ag-Ag 


The  conversion  of  ethylene  to  its  oxide  by  this  method  is  not  very 
efficient  and  is  made  costly  by  the  excessive  loss  of  ethylene  by  conversion 
to  carbon  dioxide.40 


Oxidative  Cleavage 

Many  oxidizing  agents  react  with  olefins  to  bring  about  rupture  of  the 

chain  at  the  point  of  unsaturation.  In  this  type  of  oxidation  the  cleavage 

products  normally  appear  in  the  form  of  carboxylic  acids.  In  favorable 

cases,  however,  the  reaction  may  be  halted  at  the  aldehyde  stage.  This 

type  of  degradation  has  found  use  in  the  preparation  of  certain  aromatic 

aldehydes  from  naturally  occurring  substances  containing  unsaturated 

side  chains.  Amsaldehyde,  for  example,  is  formed  by  oxidation  of 
anethole. 

CH3°<d^CH:CHCH3  — >  ch3o<3cho 

!s  Twigg,  Tram.  Faraday  Soc.,  42,  057  (1940). 

40  McClure  and  Bateman,  Chem.  Eng.  News,  25,  3286  (1947). 
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The  oxidation  may  be  effected  by  nitric  acid,  chromic  acid,  or  ozone. 
Anisaldehyde  is  used  in  perfumery.  Similarly  vanillin,  another  im¬ 
portant  perfume,  can  be  made  from  eugenol.  The  first  step  in  this 
process,  the  rearrangement  of  eugenol  to  isoeugenol,  is  brought  about 


by  heating  with  alkali. 

OH 

OH 

OH 

A|OCH3 

A0CH3 

— >  — 

V 

/\OCH3 

V 

ch2ch=ch2 

ch=chch3 

CHO 

This  type  of  isomerization,  general  for  allyl  benzene  derivatives,  involves 
a  1,3  shift  of  a  triad  system.  In  the  present  example  the  double  bond 
migrates  to  a  position  in  which  it  is  conjugated  with  those  of  the  ring. 
Vanillin  can  be  made  cheaply  from  lignin;  however,  it  continues  to  come 
on  the  market  chiefly  from  the  vanilla  bean. 

Piperonal,  an  important  perfume  with  an  odor  resembling  that  of 
heliotrope,  is  made  from  safrole  in  a  similar  way. 


O — CH2 


Alkali 


CH2CH-CH2 


Safrole 


V' 

ch=chch3 


Cr03 


Isosafrole 


0 — ch2 


A/0 

CHO 


Piperonal 


The  usual  products  of  oxidative  cleavage  of  carbon  chains,  however, 
are  acids,  as  is  illustrated  by  the  preparation  of  azelaic  acid  by  oxidation 
of  ricinoleic  acid  from  castor  oil  (Ob  II,  53). 


OH 

CH3(CH2)5CHCH2CH=CH(CH2)7C02H 


KMnOi  /CO2H 

%  (CH2)7 

xco2h 


The  last  step  in  the  Barbier-Wieland  method  of  degrading  an  acid  to 
the  next  lower  homolog  is  an  oxidative  cleavage  of  an  olefin  prepared 
by  the  action  of  the  phenyl  Grignard  reagent  on  the  ester. 


RCH2C02C2H5 


?H  -h2o 

-t  RCH2C(C6H5)2  - ► 

RCH=C(Cf,H5)2  -=2^  RC°2H  +  (CaH5)2CO 
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An  example  is  the  preparation  of  nor-desoxycholic  acid  from  desoxycholic 
acid  (OS  24,  38;  68%  yield),  the  oxidation  being  effected  by  chromic 
anhydride  in  glacial  acetic  acid. 

Various  modifications  of  the  Barbier-Wieland  procedure  have  been 
suggested  (AR  1947,  184).  If  the  olefin  is  heated  with  N-bromosuccin- 
imide,  bromination  occurs  at  the  allyl  position.  Oxidation  of  the  diene 
produced  by  dehydrobromination  of  the  bromo  compound  yields  an 
acid  having  three  less  carbon  atoms  than  the  original. 

RCH2CH2CH=C(C6H5)2  - >  RCH2CHBrCH=C(C6H5)2  - > 

RCH=CHCH-C(C6H5)2  - »  RC02H 


Potassium  dichromate  in  sulfuric  acid  is  a  very  vigorous  agent,  capable 
of  oxidizing  nearly  all  types  of  organic  molecules.  As  might  be  expected 
from  the  preferential  attack  at  secondary  and  tertiary  carbon  atoms  in 
autoxidation  (pp.  220,  222),  it  is  observed  that  methyl  groups  generally 
survive  oxidative  degradation  and  appear  among  the  products  in  the 
form  of  acetic  acid.  This  is  true  not  only  of  such  compounds  as  ethanol 
and  ethyl  ethers  but  also  of  compounds  having  methyl  groups  attached 
to  carbon,  i.e.,  C-methyl  groups. 

The  Kuhn-Roth  method  of  determining  C-methyl  groups,  which 
depends  on  oxidation  with  chromic  acid  in  sulfuric  acid,  has  proved  to 
be  valuable,  especially  in  the  examination  of  aliphatic  chains  and  alicyclic 
rings.41 

The  preparation  of  homophthalic  acid  by  oxidation  of  indene  is  an 
example  of  oxidative  cleavage  of  a  ring  (OS  29,  49;  77%  yield). 


j\ _ 

3  I  I 

w 


+  16H2S04  +  4K2Cr20 


V 


ch2co2h 

co2h 


7  - * 

+  4Cr2(S04)3  +  4K2S04  +  16H20 


Vigorous  oxidation  may  effect  cleavage  of  aromatic  rings,  the  oxidation 
of  benzene  to  maleic  and  fumaric  acids  and  of  naphthalene  to  phthalic 
acid  being  familiar  examples.  Although  the  mechanism  of  such  trans¬ 
formations  is  obscure,  it  seems  probable  that  phenols  are  formed  initially. 
Under  suitable  conditions,  phenols  can  be  isolated.  In  fact,  the  vapor- 

of  phenoJdatl°n  ^  benZ6ne  ‘S  a  Promising  method  for  the  preparation 

2CeH6  +  02  - i 

41  Kuhn  and  Roth,  Ber.,  66,  1274  (1933). 
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The  oxidation  is  carried  out  in  the  absence  of  catalysts  at  600-800°  and 
0.5-2  atmospheres.  The  principal  by-product,  biphenyl,  is  converted, 
by  way  of  the  sulfonic  acid,  to  p-phenylphenol — an  important  raw  mate¬ 
rial  in  the  preparation  of  Bakelite  resins. 

The  commercial  oxidation  of  benzene,  carried  out  by  passing  a  mixture 
of  air  and  the  hydrocarbon  over  a  vanadium  oxide  catalyst  at  450°,  is 
the  principal  source  of  maleic  anhydride.42 

It  is  believed  that  p-benzoquinone  as  well  as  phenol  is  an  intermediate 
in  this  degradation,  the  principal  steps  of  which  may  be  represented  as 
follows. 


O 


ii  ' 
C 


ii 

0 


The  oxidation  of  naphthalene  to  phthalic  anhydride  is  carried  out 
commercially  by  passing  a  mixture  of  the  hydrocarbon  and  air  over 
vanadium  pentoxide  at  450-500°. 


/\/\ 


W 


+  9(0) 


rAco 

;  >0  +  2C02  +  2H20 

vco 


The  oxidation  of  naphthalene  may  be  effected  also  by  the  action  of 
alkaline  permanganate.  Phthalonic  acid,  an  intermediate  product,  can 
be  converted  by  loss  of  carbon  dioxide  to  phthalaldehydic  acid  (p.  113). 
The  decarboxylation  is  brought  about  by  heating  the  bisulfite  addition 
compound  with  hydrochloric  acid  (OS  II,  523). 


AvA  KMnO, 

|  +8(0)  - ► 

w 

rAcoco2H 

- -> 

l^COaH 


rAc0C02H 


COoH 


+  C02  +  H20 


V 


AlCHO 


S/ 


C02II 


+  co2 


42  Skeen,  Chem.  Eng.  News ,  26,  36S4  (1948). 
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Other  aromatic  rings  likewise  undergo  cleavage  as  though  they 
possessed  double  linkages.  Fumaric  acid  can  be  produced  in  the  labora¬ 
tory  in  a  58%  yield  by  oxidation  of  furfural  with  sodium  chlorate  (Ob  11, 

302)'  HC - CH  NaC103  H02CCH 

II  II  +  4(0)  - ■+  \\  +  C°2 

HC  CCHO  HCC02H 

\  / 

0 


Oxidative  cleavage  of  aldehydes  and  ketones  has  been  effected  in  a 
number  of  ways.  One  of  the  most  interesting  of  these  was  discovered  by 
Dakin,  who  found  that  hydrogen  peroxide  in  the  presence  of  alkali  is 
capable  of  replacing  an  acyl  group  on  an  aromatic  ring  with  a  hydroxyl 
group.  In  other  words,  it  is  a  method  of  converting  aromatic  aldehydes 
and  ketones  to  the  corresponding  phenols.  Thus  salicylaldehyde  affords 
a  73%  yield  of  catechol  (OS  I,  149). 


V 


CHO 

OH 


H202 

NaOH 


* 


OH 

OH 


In  a  similar  way,  2-hydroxy-3-methoxybenzaldehyde  can  be  converted 
to  a  methyl  ether  of  pyrogallol  (OS  26,  90;  80%  yield). 


/\cHO  /\oH 


och3  och3 


The  Dakin  cleavage  is  limited  to  aromatic  aldehydes  and  ketones  which 
have  a  hydroxyl  or  amino  group  in  an  ortho  or  para  position. 

Ketones  can  be  oxidized  to  acids  by  strong  oxidizing  agents.  Useful 
examples  are  the  conversion  of  cyclohexanone  and  cyclopentanone  to 
adipic  and  glutaric  acid,  respectively,  by  treatment  with  nitric  acid. 
In  either  case  it  would  be  possible  to  employ  the  alcohol  instead  of  the 
ketone.  Thus  adipic  acid  may  be  made  (OS  I,  18)  by  oxidizing  cyclo- 
hexanol  with  50%  nitric  acid  at  55-60°  in  the  presence  of  ammonium 
vanadate;  the  yield  is  60%.  This  acid  is  available  commercially. 

/\0H 


+  4(0)(HNOs)  - ►  H02C(CH2)4C02H  +  h2o 
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The  original  commercial  process  involved  the  conversion  of  benzene  to 
cylcohexanol  by  way  of  phenol,  followed  by  oxidation.  It  has  since  been 
found  possible  to  avoid  the  conversion  to  cyclohexanol ;  benzene  is 
hydrogenated  and  the  resulting  cyclohexane  is  oxidized  with  nitric  acid. 
Lower  dibasic  acids  are  available  as  by-products  of  the  commercial 
process. 

Open-chain  ketones  can  be  oxidized  in  a  similar  way.  Air  oxidation 
also  has  been  effected.  Thus,  when  air  is  passed  for  a  long  time  through 
an  acetic  acid  solution  of  diethyl  ketone,  a  mixture  of  acetic  and  propionic 
acids  is  produced.  The  reaction  goes  much  more  rapidly  in  the  presence 
of  manganous  acetate.  Presumably  the  cleavage  involves  a  peroxidic 
intermediate. 

A  little-known  reaction  of  ketones  is  that  brought  about  by  certain 
per  acids;  esters  are  produced.  This  reaction  has  been  applied  spectacu¬ 
larly  to  many-membered  cyclic  ketones,  lactones  containing  from  four¬ 
teen  to  eighteen  members  having  been  produced  in  this  way.43 


C=0  C=0 


/ 

(CH2)n 

\ 

ch2 


The  oxidizing  agent  originally  employed  in  this  work  was  mono- 
persulfuric  acid,  known  as  Caro’s  acid.  Later  investigations  showed 
that  similar  results  can  be  obtained  with  perbenzoic  acid.  When 
acetophenone,  for  example,  is  treated  at  23-26°  with  perbenzoic  acid 
for  10  days  in  moist  chloroform  solution,  a  63%  yield  of  phenyl  acetate 
is  obtained.  Other  ketones  behave  in  a  similai  v  ay. 

Hydrogen  peroxide  brings  about  facile  cleavage  of  a-diketones  and 
other  compounds  having  twinned  carbonyl  groups.  This  type  of  reac¬ 
tion,  illustrated  by  the  conversion  of  benzil  to  benzoic  acid,  serves  as  a 

test  for  the  -COCO-  group. 


C6H5COCOC6H5  +  H202  - >  2C6H5C02H 


The  oxidation  of  methyl  ketones  by  alkali  hypohalites,  known  as  the 
haloform  reaction  (CR  15,  275),  involves  the  intermediate  formation  o 
the  corresponding  trihalomethyl  ketones,  which  are  read,  y  cleaved  by 
alkali  (p.  464).  Ethanol,  acetaldehyde,  and  secondary  alcohols  which 
can  be  oxidized  to  methyl  ketones  likewise  yield  haloforms  The  reaction 
occurs  also  with  compounds  that  readily  undergo  alkaline  hydrolysis 


43  Ruzicka  and  Stoll,  Ilelv.  Chim.  Acla,  11,  1159  (1928). 

44  Fi-iess,  J.  Am.  Chem.  Soc.,  71,  14  (1949). 
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to  yield  ketones  or  alcohols  oi  me 
methone,  which  reacts  with  sodium 
salt  of  /3,/3-dimethylglutaric  acid.15 


alcohols  of  the  types  specified.  An  example  is 
ts  with  sodium  hypochlorite  to  yield  the  sodium 


CH3  ch2co 

\  /  n 


c  CH2  +  3NaOCl 

CH37  XCH2CO/ 


CH3  •  '  CH2C02Na 


\  / 


+  CHCI3  +  NaOH 


CH3  CH2C02Na 


C 

/  \ 


Hypohalite  cleavage  has  been  effected  also  with  higher  ketones. 
Propiophenone,  for  example,  affords  a  64%  yield  of  benzoic  acid.46 

It  has  long  been  recognized  that  tertiary  alcohols  may  suffer  oxidative 
cleavage,  yielding  oxidation  products  having  fewer  carbon  atoms  than 
the  original  alcohol,  but  the  degradation  has  not  been  useful  synthet¬ 
ically.  However,  results  of  uncommon  interest  have  been  obtained  with 
the  carbinols,  resulting  from  the  action  of  Grignard  reagents  on  cyclo- 
pentanone,  cyclohexanone,  and  cyclooctanone.  Treatment  with  chromic 
anhydride  at  30°  converts  them  smoothly  into  the  corresponding  keto 
acids.  An  example  is  the  preparation  of  5-benzoylvaleric  acid.47 


0 


c6h5coch2ch2ch2ch2co2h 


Ozonization.  The  most  general  and  reliable  procedure  for  oxidative 
cleavage  with  simultaneous  location  of  the  ethvlenic  bond  is  the  addition 
of  ozone,  followed  by  the  decomposition  of  the  ozonide  which  is  pro¬ 
duced  (CR  27, 437).  The  reaction  is  usually  carried  out  by  conducting  a 
stream  of  ozonized  oxygen  (OS  26,  63)  through  a  solution  of  the  olefinic 
compound.  The  concentration  of  ozone  may  vary  from  a  few  per  cent 
to  14  or  15%.  The  high  concentration  is  used  for  addition  to  aromatic 
rings  and  to  conjugated  double  bonds.  The  best  solvents  are  glacial 
acetic  acid,  ethyl  acetate,  methylene  chloride,  carbon  tetrachloride, 
hexane,  and  petroleum  ether.  Dichlorodifluoromethane  has  been  used 
also  as  a  solvent.  From  the  standpoint  of  resistance  to  attack  by  ozone, 

45  Walker  and  Wood,  J.  Chem.  Soc .,  89,  598  (1906). 

46  Farrar  and  Levine,  J.  Am.  Chem.  Soc.,  71,  1496  (1949). 

47  lieser  and  bzmuszkovicz,  J.  Am.  Chem.  Soc.,  70,  3352  (1948). 
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water,  acetic  acid,  ethyl  chloride,  carbon  tetrachloride,  and  monofluoro- 
trichlorometliane  are  to  be  preferred.48 

Although  the  mechanism  of  the  reaction  is  not  known  with  certainty, 
it  is  generally  believed  that  the  first  product  is  an  unstable  molozonide 
which  rearranges  at  once  to  an  isoozonide,  the  compound  which  is 


isolated. 


RCH-CHR  +  03 


[RCH-CHR] 
1  1 

O — 0->0 

Molozonide 


RCH-O-CHR 
1  1 

4  0 - 0 


Isoozonide 


ch3 

ch3cch2c=ch2 
ch3  ch3 
ch3  ch3 

CHsCCH^C7 

ch3  vch3 


The  use  of  ozone  in  the  proof  of  the  structure  of  unsaturated  com¬ 
pounds  may  be  illustrated  by  the  diisobutylenes.  One  of  these,  2,4,4- 
trimethyl- 1-pentene,  gives  methyl  neopentyl  ketone  and  formaldehyde, 
while  the  other,  2,4,4-trimethyl-2-pentene,  yields  trimethylacetaldehyde 
and  acetone.49 

ch3 

->  CH3CCH2COCH3  and  CH20 

ch3 
ch3 

-4  CH3CCHO  and  CH3COCH3 
CH3 

Practical  directions  have  been  provided  for  obtaining  60-70%  yields 
of  aldehydes,  ketones,  or  acids  by  oxidation  of  olefins  with  ozone.50 
For  the  preparation  of  aldehydes  the  ozonide,  preferably  in  methylene 
chloride  solution,  is  allowed  to  drip  into  a  hydrolyzing  mixture  containing 
zinc  and  acetic  acid.  An  example  is  5-methylhexanal  (yield  62%). 

(CH3)2CHCH2CH2CH2CH=CH2  - *•  (CH3)2CHCH2CH2CH2CHO 

6-Methyl-l-heptene  5-Methylhexanal 

The  reduction  of  the  ozonide  can  be  effected  catalytically  also.61 

To  obtain  acids  the  ozonide  solution  is  allowed  to  drip  into  a  mixture 
of  acetic  acid  and  hydrogen  peroxide.  Two  moles  of  hydrogen  peroxide 
are  sufficient  for  each  mole  of  ozonide.  Cyclohexene,  for  example,  gives 

adipic  acid  in  a  60%  yield. 

/\  CH2CH2C02H 

*  ch2ch2co2h 

«  Greenwood,  ./.  Org.  Chem.,  10,  414  (1045). 

-  Whitmore  and  Church,  J.  Am.  Chem.  Soc #4,  V 0  <««»• 

»  Henne  and  Hill,  J.  Am.  Chem.  Soc.,  65,  7o2  (1.  3). 

,1  Henne  and  Perilstein,  J.  Am.  Chcm.  Soc. ,  65,  2153  (1943). 
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Another  useful  application  of  ozonization  is  illustrated  by  the  prepa¬ 
ration  of  aldehyde  esters  from  methyl  oleate,  undecylenate,  and  erucate. 

CH3(CH2)7CH=CH(CH2)7C02CH3  - ¥  CH3(CH2)7CHO 

Methyl  oleate 

and  0CH(CH2)7C02CH3 

CH2=CH(CH2)8C02CH3  - ►  CH20  and  0CH(CH2)8C02CH3 

Methyl  undecylenate 

CH3(CH2)7CH=CH (CH2) i iC02CH3  - >  CH3(CH2)7CHO 

Methyl  erucate 

and  0CH(CH2)hC02CH3 

An  unusual  example  of  ozonization  is  the  conversion  of  A9’  10-octalin 
into  1,6-cyclodecanedione.52 


ch2  ch2 

ch2  ch2 

/  \  /  \ 
ch2  c  ch2 

/  \  /  \ 
o,  ch2  CO  ch2 

— “>  1 

ch2  CO  ch2 

ch2  c  ch2 

\  /  \  / 

\  /  \  / 

ch2  ch2 

ch2  ch2 

,  A9-  10-Octalin 

1 ,6-Cy  clodecanedione 

It  should  be  mentioned  that  the  octalin  forms  a  nitrosochloride  (p.  54) 
from  which  it  can  be  regained  by  treatment  with  sodium  methoxide. 

Cleavage  of  1,2-Glycols.  As  was  mentioned  earlier  (p.  12),  aldehydes 
and  ketones  are  produced  also  when  1,2-glycols  are  oxidized  with  certain 
reagents,  notably  periodic  acid  (OR  II,  341)  and  lead  tetraacetate.  The 
reaction  is  of  extreme  interest  because  it  affords  one  of  the  very  few 
ways  in  which  a  carbon-carbon  single  bond  can  be  cleaved  readily.  The 
cleavage  of  2,3-butanediol  with  lead  tetraacetate  may  be  depicted  as 
follows. 


CH3CHOH 

CH3CHOH 


+  Pb(OCOCH3)4 


ch3cho 


\ 


ch3cho 


\ 


ch3cho/ 


Pb(OCOCH3)2 


ch3cho/ 
ch3cho 


Pb(OCOCH3)2  +  2CH3C02H 


+  Pb(OCOCH3)< 


ch3cho 

— >  2CH3CHO 

62  Hiickel,  Danneel,  Schwartz,  and  Gercke,  Ann.,  474,  121  (1929). 


CH3CHO  • 

ch3cho  • 
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As  in  oxidation  by  permanganates  or  osmium  tetroxide  and  hydrogen 
peroxide  (p.  229),  a  cyclic  intermediate  is  postulated.  The  first  step  is 
an  interchange  involving  the  elimination  of  acetic  acid,  and  in  the  second 
the  lead  atom  becomes  divalent,  releasing  the  unstable  1,4-biradical, 
which  breaks  down  to  give  two  molecules  of  acetaldehyde. 

2,3-Butanediol  can  be  determined  quantitatively  by  use  of  periodic 
acid.  The  oxidation  product,  acetaldehyde,  is  isolated  as  the  bisulfite 
addition  compound,  and  determined  by  titration  of  the  bisulfite  lib¬ 
erated  when  the  addition  compound  is  decomposed  with  alkali.53 

OH  OH 

CH3CH-CHCH3  +  HIO4  - ¥  2CH3CHO  +  hio3  +  h20 

A  method  has  been  developed  for  the  preparation  of  alkoxyacet- 
aldehydes  by  the  oxidative  cleavage  of  the  corresponding  glycerol 
a-alkyl  ethers  with  periodic  acid  or  lead  tetraacetate.54 


OHOH 

ROCH2CHCH2  +  (O)  — ►  roch2cho  +  ch2o  +  h2o 

A  similar  procedure  has  been  used  to  make  chloroacetaldelu  de  b\ 
cleavage  of  glycerol  a-monochlorohydrin  by  periodic  acid.55 

CH2CHCH2CI  - ¥  CICH2CHO 

OH  OH 

It  is  significant  that  this  reaction  will  not  take  place  with  1,3-  or 
1  4-glycols.  Aldehydes  and  ketones  also  fail  to  undergo  the  cleavage. 
Even  a-hydroxy  aldehydes  and  ketones  are  unreactive;  but  this  is  true 
only  in  the  absence  of  water.  When  a  small  amount  of  moisture  is 
admitted,  cleavage  occurs.  The  explanation  given  for  this  behavior  is 
that  the  aldehyde  or  ketone  tends  to  be  hydrated  to  give  pseudo- 
glycols/ ’  which  are  sensitive  to  the  reagent. 


OH 

1  H20 

RCHCOR  - > 


rS  Pb(QC0CH3)A  ROHO  and  RC02H 
OH 


Both  lead  tetraacetate  and  periodic  acid  react  with  X 

pounds  also.  However  a-hydroxy  adds  are  cleaved  readily  only  by 

lead  tetraacetate. 

«  Johnson,  Ind.  Eng.  Chem.,  Anal.  Ed.,  16'  62®  (1944]j 
«  Hatch  and  Nesbitt,  J.  Am.  Chem-  Sac  67,  3.)  (1 J  •  >• 

-  Hatch  and  Alexander,  J.  A* Chen, .Soc 6£  688  <1945>‘ 

6«  Malaprade,  Bull  soc.  chim.,  [o],  1,  {LJ*  )• 


OXIDATION  OF  ALCOHOLS  z±i 

1  2- Amino  alcohols  behave  very  much  like  1,2-glycols.  The  reaction 
yields  ammonia,  which  permits  it  to  be  followed  quantitatively.  A 
method  for  the  determination  of  threonine  is  illustrative. 


CH3CH-CHCO2H  +  NaI04 
OH  NH2 


CH3CHO  +  OCHCO2H  +  NH3  +  NaI03 


Oxidation  of  Alcohols 

The  preparation  of  aldehydes  and  ketones  by  the  oxidation  of  alcohols 
is  of  especial  value  in  the  aliphatic  series,  where  many  primary  and 
secondary  alcohols  are  readily  available.  In  the  laboratory  a  mixture 
of  potassium  dichromate  and  sulfuric  acid  is  the  usual  oxidizing  agent. 
This  method  is  illustrated  by  the  synthesis  of  propionaldehyde  (OS  II, 
541).  The  method  is  successful  (49%  yield)  because  the  aldehyde  is 
immediately  volatilized  and  thus  is  not  allowed  to  remain  in  contact 
with  the  oxidizing  agent.  Only  the  more  volatile  aldehydes  can  be  made 
in  this  way. 

Industrial  practice  generally  involves  catalytic  dehydrogenation  over 
silver  or  copper  at  about  300°.  Formaldehyde,  the  simplest  member  of 
the  class,  is  manufactured  chiefly  by  passing  methanol  through  a  hot 
silver  gauze;  a  limited  amount  of  air  is  admitted  to  oxidize  a  large  part 
of  the  hydrogen;  this  oxidation  generates  the  heat  required  for  the 
reaction.  Butyraldehyde,  isobutyraldehyde,  and  methyl  ethyl  ketone 
are  other  examples  of  the  many  compounds  that  are  manufactured  by 
the  catalytic  method.  Similarly,  cyclohexanone  and  acrolein  are  made 
by  the  dehydrogenation  of  cyclohexanol  and  allyl  alcohol,  respectively, 
the  usual  catalyst  being  copper.  The  most  important  example  is  acetone, 
of  couise,  its  production  from  2-propanol  competes  with  the  fermentation 
process  (p.  438). 

An  interesting  synthesis  of  re-butyl  re-butyrate  involves  oxidation  of 
re-butyl  alcohol  with  the  dichromate-sulfuric  acid  mixture,  the  oxidation 
being  conducted  in  such  a  manner  as  to  cause  the  butyric  acid  to  be 
esterified  as  fast  as  it  is  formed  (OS  I,  138;  47%  yield). 


2CH3CH2CH2CH2OH  -(-  2(0)  - ►  CH3CH2CH2C02C4H9  +  2H20 

The  oxidation  of  saturated  primary  alcohols  to  the  correspondin' 
acids  may  be  effected  by  a  variety  of  agents.  Nitric  acid,  for  example 

“i™  %  stmTS"”  10  »< 
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Glycerol  a,7-dichlorohydrin  is  converted  to  a,7-dichloroacetone  in  a 
75%  yield  by  the  action  of  sodium  dichromate  and  sulfuric  acid  (OS  I, 


211). 


CH2C1  CH2C1 

CHOH  - >  C=0 

CH2C1  CH2C1 


The  “quick  vinegar”  process  for  acetic  acid  is  an  air  oxidation  of 
ethyl  alcohol  under  the  influence  of  “mother  of  vinegar.”  This  method 
is  useful  only  for  making  dilute  acetic  acid.  However,  the  acid  may  be 
converted  to  the  ethyl  ester  without  removal  of  the  water  (p.  83). 

Catalytic  oxidation  of  ethylene  glycol  yields  glyoxal. 


CH2OH 

ch2oh 


+  02 


CHO 

CHO 


+  2H20 


However,  when  glyoxal  is  needed  as  an  intermediate,  it  is  often  more 
convenient  to  prepare  it  by  oxidation  of  paraldehyde  (p.  249)  or  by 
hydrolysis  of  dichlorodioxane  (p.  113). 

The  simplest  a-diketone,  biacetyl,  is  an  oxidation  product  of  acetoin. 
The  diketone,  an  article  of  commerce,  is  manufactured  by  a  special 
fermentation  process.  It  would  appear  that  in  the  process  glucose 
is  converted  to  acetaldehyde,  which  undergoes  dimerization  to  the 

acyloin.  OH 

2CH3CHO  - >  CH3CHCOCH3 

The  acvloin,  by  an  oxidation  and  reduction  process,  yields  the  diketone. 

OH  OHOH 

2CH3CHCOCH3  — ►  CH3COCOCH3  +  CH3CHCHCH3 

Benzils  usually  are  made  by  oxidation  of  the  corresponding  benzoins. 
This  process  is  easily  effected,  nitric  acid  or  a  pyridine-copper  sulfate 
mixture  serving  as  the  oxidizing  agent.  Benzoin,  for  example,  affords  a 
96%  yield  of  benzil  when  nitric  acid  is  employed  and  an  86%  yield  with 
pyridine-copper  sulfate  (OS  I,  87).  However,  the  latter  reagent  is 
preferable  because  it  gives  a  much  purer  product  The  oxidation  of 
benzoins  to  benzils  has  been  effected  in  high  yields  by  treating  them 
with  a  boiling  solution  of  ammonium  nitrate  in  glacial  acetic  aci  1. 

Diphenyl  tetraketone  can  be  made  by  oxidation  of  the  formoin,  ob¬ 
tained  from  phenylglyoxal,  with  ammonium  nitrate  in  glacial  acetic  aci  . 

2C6h5cocho  m  C6H5COCOCHCOC6H5  ► 

OH 


C6H5COCOCOCOC6H5 


QUINONE  FORMATION 
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The  formation  of  p-benzoquinone  as  an  intermediate  in  the  oxidative 
cleavage  of  benzene  has  been  postulated  (p.  234).  With  certain  aromatic 
hydrocarbons  direct  oxidation  furnishes  a  preparative  method  lor  qui- 
nones.  Naphthalene,  for  example,  is  more  readily  oxidized  than  benzene, 
being  attacked  at  the  1  positions.  When  the  oxidation  is  effected  with 
chromic  anhydride  in  acetic  acid,  1,4-naphthoquinone  may  be  obtained. 
Although  the  yields  are  low  (35%),  the  process  is  less  expensive  than 


other  methods. 


vv 


The  comparison  of  toluene  and  2-methylnaphthalene  toward  this 
oxidizing  agent  is  instructive,  since  in  toluene  the  methyl  group  is 
attacked,  whereas  oxidation  of  the  methylnaphthalene  involves  the 
nucleus,  yielding  2-methyl- 1,4-naphthoquinone. 


^VXcHa 


Anthracene  is,  of  course,  even  more  readily  oxidized  than  naphthalene, 
being  converted  to  anthraquinone  by  the  action  of  sodium  chlorate  in 
the  presence  of  vanadium  pentoxide,  glacial  acetic  acid,  and  dilute 
sulfuric  acid  (OS  II,  554;  91%  yield). 


vw 

II 


o 

The  usual  procedure,  however,  for  making  quinones  involves  oxidation 
o  anilines  or  phenols  nearly  all  of  which  can  serve  (OR  4,  305).  The 
best  method  oi  making  p-benzoquinone  is  by  oxidation  of  hy’droquinone- 
o  ic  many  oxidizing  agents  that  are  effective,  sodium  chlorate  (OS  II, 
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553;  96%  yield)  and  the  sodium  dichromate-sulfuric  acid  mixture 
(OS  I,  482;  92%  yield)  can  be  recommended. 

1, 2-Naphthoquinone  is  produced  from  l-amino-2-naphthol  hydro¬ 
chloride  in  a  94%  yield  by  the  action  of  ferric  chloride  in  acid  media 
(OS  II,  430). 

NH3C1 

/N/X,oh 


o 


o 


W  'W' 

The  dichromate-sulfuric  acid  reagent  is  less  satisfactory  because  it 
attacks  the  quinone.  It  serves,  however,  to  produce  an  81%  yield  of 
1,4-naphthoquinone  from  the  hydrochloride  of  4-amino-  1-naphthol  (OS 
I,  383). 

NH3CI 

AA 

— ► 

w 

OH  6 

Thymoquinone  is  produced  by  treatment  of  the  corresponding  amino- 
thymol  with  nitrous  acid  (OS  I,  512;  80%  yield). 

CH3  ch3 


HO 


IN  41 2  HN02 

- > 

CH(CH3)2 


CH(CH3)2 

o-Quinones  are  nearly  always  made  from  the  corresponding  catechols. 
An  example  is  the  oxidation  of  4-methylcatechol  to  4-o-toluquinone  b} 
means  of  silver  oxide.57 

,  /\oh  /Vo 


CH, 


OH 


CH; 


V 


=0 


The  Oppenauer  Oxidation 

The  reduction  of  ketones  by  the  Meenvein-Ponndorf-Verley  method 
(p  354)  can  be  reversed,  serving  to  transform  secondary  alcohols  to 
ketones.58  In  this  method,  known  as  the  Oppenauer  oxidation,  the 

67  Kvalnes,  J.  Am.  Chem.  Soc.,  66,  2487  (1934). 

58  Oppenauer,  Rec.  trav.  chim.,  56,  137  (1937), 
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aluminum  derivative  of  the  alcohol  is  prepared  by  means  of  aluminum 
(-butoxide  and  is  oxidized  with  a  large  excess  of  acetone  or  cyclohexanone 

(OR  2,  181). 

Oxidation  of  Side  Chains 


The  oxidation  of  side  chains  normally  leads  to  the  production  of  acids. 
Saturated  alkyl  side  chains  require  strong  oxidizing  agents  such  as 
potassium  permanganate,  chromic  acid,  and  nitric  acid.  Perhaps  the 
most  widely  used  reagent  is  potassium  permanganate.  It  serves  to 
convert  o-chlorotoluene  to  o-chlorobenzoic  acid  in  a  yield  of  /8  J/o 
(OS  II,  135).  Yields  almost  as  good  are  reported  for  the  oxidation  of 
p-chloromercuritoluene  (OS  I,  159).  Picolinic  acid,  isolated  as  the 
hydrochloride,  can  be  produced  by  the  action  of  permanganate  on  2- 
picoline  (OS  20,  79;  51%  yield}.  Mesitylene  is  oxidized  to  a  tribasic 
acid,  trimesic  acid. 


CH, 


CH3  KMn04  H02C 

- ► 


\/ 

ch3 


co2h 


V 

co2h 


A  mixture  of  sodium  dichromate  and  sulfuric  acid  or  chromic  an¬ 
hydride  in  acetic  acid  is  also  widely  used  for  side-chain  oxidation.  An 
example  is  the  conversion  of  p-nitrotoluene  to  p-nitrobenzoic  acid  (OS  I, 
392;  86%  yield). 


CH3 

A 

|  +3(0) 

V 

no2 


Na2Cr207  +  H2S04 

- — > 


co2h 

A 

+  h2o 

V 

no2 


2,4,6-Trinitrobenzoic  acid  can  be  made  similarly  (OS  I,  543;  69%  yield). 
This  reagent  cannot  be  used,  however,  to  oxidize  o-xylene,  which  is 
burned  to  water  and  carbon  dioxide. 

fitaid  found  that  chromyl  chloride  (Cr02Cl2)  could  be  used  to  oxidize 

toluene  to  benzaldehyde,  a  molecular  complex  being  isolated  as  an 
intermediate. 


C6H5CH3  +  2Cr02Cl2  - ►  C6H5CH3  •  (Cr02Cl2)2  C6H5CHO 

This  method  attracted  special  attention  because  it  can  be  employed  to 
oxidize  only  one  of  the  methyl  groups  when  more  than  one  is  present. 

For  example,  it  affords  a  yield  of  80%  of  m-tolualdehyde  from  m-xylene 
The  procedure  has  found  little  use. 
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Nitric  acid  has  also  been  used  to  oxidize  side  chains,  an  example 
being  the  preparation  of  o-toluic  acid  from  o-xylene  (OS  27,  84;  55% 

yield)-  Am . -  ^\, 


V 


CH 

CH 


3  hno3 


h2o 


4 


V 


co2h 
ch3 


The  degradation  of  nicotine  to  nicotinic  acid  is  another  example  (OS  I, 
385;  74%  yield). 


/\ 


\  // 

N 


hno3 

N  - ► 

CH, 


/Sco2h 


\  // 

N 


Methyl  tolyl  ketone  is  converted  to  terephthalic  acid  in  two  stages,  the 
first  of  which  involves  nitric  acid.  The  oxidation  is  completed  with 
potassium  permanganate  (OS  26,  95).  The  over-all  yield  is  88%. 

COCH3  C02H  C02H 


hno3 

KMn04 

- > 

- ► 

CH, 


CH, 


C02H 


An  interesting  example  of  differential  oxidation  is  the  conversion  of 
p-cymene  to  p-toluic  acid;  the  isopropyl  group,  having  a  tertiary 
hydrogen  atom,  is  attacked  preferentially  (OS  27,  86;  51%  yield). 

Mention  should  be  made  of  the  oxidation  of  charcoal  to  pyromellitic 
acid,  since  it  bears  some  similarity  to  side-chain  oxidation.  The  yield 
depends  considerably  on  the  type  of  charcoal  selected;  powdered  pure 

spruce  charcoal  is  to  be  preferred  (OS  II,  551). 

o-Xylene,  an  important  by-product  in  the  manufacture  of  toluene 
from  petroleum,  serves  as  a  raw  material  to  replace  naphthalene  in  e 
manufacture  of  phthalic  anhydride.  It  seems  probable  that  economic 
conditions  may  make  this  use  of  o-xylene  increasingly  important. 


Oxidation  of  Methyl  and  Methylene  Groups  in  the  Synthesis 

of  Carbonyl  Compounds 

Direct  oxidation  of  a  methyl  or  methylene  group  to  a  carbonyl  group 
rarely  can  be  accomplished  satisfactorily  w.th  hydrocarbons  One 
example  is  the  oxidation  of  methane  to  formaldehyde  (p.  250).  A  tec  me 

69  Weiss,  Ind.  Eng.  Chem.,  News  Ed.,  23,  45  (1945). 
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for  interrupting  the  oxidation  at  the  desired  stage  is  illustrated  by  the 
synthesis  of  p-nitrobenzaldehyde  from  p-mtrotoluene  (Ob  II,  441). 
oxidation  is  conducted  with  chromic  anhydride  in  the  presence  of  acetic 
anhydride.  The  aldehyde  diacetate  is  formed,  thus  preventing  the 
oxidation  from  going  too  far.  The  diacetate  is  easily  hydrolyzed  to  the 
aldehyde.  The  over-all  yield  is  about  50%. 


NO2C6H4CH3 


— — ►  N02C6H4CH(0C0CH3)2 


(CH3C0)20 


h2so4 


no2c6h4cho 


o-Nitrotoluene  gives  less  satisfactory  results,  the  yields  being  only  about 
18%  (OS  24,  75).  The  method  is  applicable  to  the  preparation  of 
benzaldebydes  in  which  there  is  no  substituent  easily  attacked  by  the 
oxidizing  agent.  Other  examples  are  p-bromo-  and  p-cyanobenzalde- 
hydes  (OS  II,  442).  Isophthalaldehyde  is  made  in  a  31%  yield  from 
m-xylene  in  a  similar  way.60 

A  benzyl  side  chain  is  converted  to  a  benzoyl  group  by  vigorous 
oxidation  and  forms  an  exception  to  the  general  rule  that  oxidation  of 
side  chains  continues  until  only  a  carboxyl  group  remains.  Diphenyl- 
methane,  for  example,  is  changed  to  benzophenone  in  a  90%  yield  by 
heating  with  dilute  nitric  acid  in  the  presence  of  lead  acetate.  A  similar 
yield  of  2-benzoylpyridine  is  obtained  by  subjecting  2-benzylpyridine  to 
oxidation  with  permanganate. 


/V 

\  // 

N 

ch2c6h5 

\  X/ 

N 

coc6h 


5 


Fluorenone  has  been  prepared  by  oxidizing  fluorene  with  sodium 
dichromate  in  glacial  acetic  acid. 


/\ 


s\ _ /\ 


V\A/ 

ii 

O 


An  indirect  method  for  effecting  oxidation  of  side  chains  is  to  halo- 
genate  and  subject  the  halogen  derivatives  to  hydrolysis.  The  mono- 
di-,  and  trihalomethyl  derivatives  yield,  respectively,  alcohols,  alde- 

80  Johnston  and  Williams,  J.  Am.  Chcm.  Soc.f  69,  2065  (1947). 
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hydes,  and  acids.  Examples  of  the  preparation  of  aldehydes  were 
mentioned  earlier  (p.  114). 

The  Use  of  Selenium  Dioxide.  Similarly,  selenium  dioxide  can  be 
employed  to  oxidize  many  active  methyl  and  methylene  groups  (OR  5, 
331).  For  example,  aldehydes  and  ketones  which  have  a  methyl  or  a 
methylene  group  attached  to  the  functional  group  are  oxidized  by  this 
reagent  to  the  corresponding  dicarbonyl  compound  (CR  36,  235).  The 
method  is  at  its  best  with  compounds  that  have  only  one  methyl  or 
methylene  group  which  can  react.  Thus  acetophenone  is  converted 
into  phenylglyoxal  in  a  72%  yield  by  treatment  with  an  equimolecular 
quantity  of  selenium  dioxide  for  4  hours  in  boiling  dioxane  (OS  II,  509). 


C6H5COCH3  +  Se02  - ►  C6H5COCHO  +  Se  +  H20 

2-Naphthylglyoxal  is  made  in  a  similar  yield,  the  solvent  being  dioxane. 

r^/ScOCHs  /N^ScOCHO 

T  Se  -J-  H20 


~b  Se02 


W 


vv 


When  desoxybenzoin  is  heated  with  an  excess  of  selenium  dioxide  in 
acetic  anhydride,  an  88%  yield  of  benzil  is  obtained.61 

C6H5COCH2C6H5  +  Se02  - >  C6H5COCOC6H5  +  Se  +  H20 

An  excess  of  oxidizing  agent  is  necessary  because  simultaneous  oxidation 
of  acetic  anhydride  occurs.  The  product  of  this  reaction  is  glyoxylic 

anhydride. 

This  method  is  especially  useful  in  the  synthesis  of  unsymmetrical 
benzils  such  as  mesityl  phenyl  diketone,  which  can  be  produced  from 
benzyl  mesityl  ketone  in  a  yield  of  83%.6" 


CHj 


CH3  SpO  X- 

~\C0CH2C6H5  —4  CH3/ 


ch3 

XcOCOCeHs 


ch3 


ch3 


Methyl  phenyl  diketone  can  be  produced  in  a  50%  yield  from  pro- 
piophenone.  h 

C6H5COCH2CH3  — — — >  CoH5COCOCH3 

Ethyl  mesoxalate  can  be  made  from  ethyl  malonate  in  a  32%  yield 
by  the  action  of  selenium  dioxide. 

«  Hatt,  Pilgrim,  and  Hurran,  J.  Chem.  Soc.,  93  (193®)' 

62  Weinstock  and  Fuson,  J.  Am.  Chem.  Soc.,  68,  1233  (1936). 
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/COsCsHs  Se02  /C02C2H5 
CH2  - *  CO 

^co2c2h5  xco2c2h5 


An  alternative  procedure  involves 
agent  (OS  I,  266). 

Ninhydrin,  a  reagent  for  amino 
35%  by  selenium  dioxide  oxidation 


oxides  of  nitrogen  as  the  oxidizing 

acids,  has  been  made  in  a  yield  of 
of  1,3-indandione.63 


Selenium  dioxide  may  oxidize  (or  dehydrogenate)  olefinic  compounds, 
acetylenic  compounds,  alcohols,  phenols,  mercaptans,  and  many  other 
types  of  organic  compounds.  This  reagent  is  remarkable  in  that  it  does 
not  ordinarily  attack  aldehydes.  Thus,  glyoxal,  the  simplest  dialdehyde, 
is  made  in  a  90%  yield  by  treatment  of  acetaldehyde  with  selenium 
dioxide  in  an  autoclave.  A  more  convenient  laboratory  method  consists 
in  the  oxidation  of  paraldehyde  with  selenium  dioxide  or  selenious  acid 
in  a  solution  of  dioxane  and  acetic  acid. 


(CH3CHO)3  +  3H2Se03  - >  3CHO  +  3Se  +  6H20 

CHO 


The  product  can  be  isolated  in  a  74%  yield  (based  on  the  selenious  acid) 
as  the  bisulfite  addition  compound  (OS  24,  61).  Glyoxal  is  produced 
commercially,  by  catalytic  oxidation  of  ethylene  glycol  (p.  242),  and 
finds  use  in  dimensional  stabilization  of  spun  rayon  fabrics.64 

Propionaldehy de  and  n-butyraldehyde  afford  30%  and  40%  yields, 
respectively,  of  pyruvaldehyde  and  ethylglyoxal  (OR  5,  334). 
fields  are  generally  lower  with  ketones  which  can  be  attacked  at 

more  than  one  point.  Acetone,  however,  is  reported  to  give  nvruv- 
aldehyde  in  a  60%  yield.  P* 

CH3COCH3  -f  Se02  — ■ — ►  CH3COCHO  +  Se  +  H20 


Methyl  ethyl  ketone  gives  a  17%  yield  of  ethylglyoxal 
a  small  amount  of  biacetyl. 


accompanied  by 


CH3CH2COCH3  4  CH3CH2COCHO  and  CH3COCOCH3 
Cyclohexanone  gives  1,2-cyclohexanedione. 

"  MrtTw"'1  fnTr’  J '  Am '  Chem ■  Soc 65’  3026  <1933>- 

McClure  and  Bateman,  Chem.  Eng.  News,  25,  3208  (1947). 
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2  hours 

- ► 


Similarly,  cycloheptanone  furnishes  1,2-cycloheptanedione.65 

Unless  otherwise  specified,  the  foregoing  reports  of  yields  are  based 
on  the  oxidizing  agent. 


Oxidation  of  Methane 


The  abundance  of  methane  in  nature  makes  this  hydrocarbon  an 
attractive  raw  material  for  industrial  exploitation.  It  has  been  found 
that  oxidation  can  be  controlled  so  as  to  produce  predominantly  form¬ 
aldehyde,  carbon  monoxide,  carbon  dioxide,  or  carbon. 

Synthesis  Gas.  The  controlled  oxidation  of  methane  to  synthesis 
gas  (CO  +  2H2)  may  be  represented  by  the  following  equation. 

CH4  +  y202  =  CO  +  2H2 


There  is  evidence  to  show,  however,  that  the  course  of  the  reaction  does 
not  correspond  to  this  equation.  It  appears  that  initially  about  one- 
fourth  of  the  methane  is  converted  to  carbon  dioxide  and  water,  all  the 
oxygen  being  consumed. 

CH4  +  202  =  C02  +  2H20 


Subsequently,  the  carbon  dioxide  and  water  are  reduced  by  the  residual 
methane.66  qH4  +  H20  =  CO  +  3H2 

CH4  +  C02  =  2CO  +  2H2 


Carbon  Black.  When  natural  gas  is  burned  incompletely  in  a  small 
flame  carbon  black  is  produced.  The  smoky  flame  is  allov  ed  to  impinge 
on  a  steel  channel  iron  on  which  the  black  is  deposited.  This  type  of 
black  known  as  channel  black,  differs  somewhat  from  that  produced 
by  partial  burning  of  natural  gas  in  a  furnace.  In  addition  to  the  channe 
and  furnace  blacks  is  a  third  type-thermal  black-produced  by  thermal 

cracking  of  natural  gas.67  „  . ,  .  .  ,  ,  , 

Carbon  blacks  prepared  in  these  ways  are  colloidal  m  ^racUir  an 

differ  markedly  from  other  carbons  such  as  bone  black.  The  chief  use 

of  colloidal  carbon  is  as  a  filler  in  automobile  tires. 

«  Vander  Haar,  Voter,  and  Banks,  J.  Org.  CAm.l4,  836  (1949^ 

M  Prettre  Eichner,  and  Perrin,  Tram.  Faraday  Soc.,  42,  335  (1J40). 
e?  Cohan,  Chem.  Eng.  News,  23,  2078  (1945). 
es  Cadman,  Brit.  Chew,.  Digest,  1,  47  (1946). 
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Formaldehyde.  Numerous  patents  have  been  issued  which  describe 
methods  of  oxidizing  hydrocarbons,  usually  methane,  to  formaldehyde, 
and  a  number  of  commercial  processes  have  been  put  in  operation.  In 
all  these  methods  the  amount  of  formaldehyde  produced  per  pass  is 
low.  Especial  interest  attaches  to  the  fact  that  gaseous  catalysts  such 
as  oxides  of  nitrogen  or  hydrogen  chloride  improve  the  yields.  The 
production  of  commercially  useful  grades  of  formaldehyde  from  methane 
had  its  origin  in  the  necessity  of  freeing  natural  gas  of  traces  of  oxygen 
in  order  to  avoid  corrosion.  By  passing  the  gas  over  suitable  catalysts 
at  elevated  temperatures  the  oxygen  was  removed,  formaldehyde  being 
formed  as  a  by-product. 

A  process  has  been  developed  for  the  oxidation  of  n-butane  to  a  mixture 
of  formaldehyde,  acetaldehyde,  acetone,  methanol,  propanol,  butanol, 
and  organic  acids. 

Formaldehyde,  acetaldehyde,  acetone,  methanol,  ethanol,  and  propyl 
alcohol  are  produced  similarly  by  the  oxidation  of  saturated  hydro¬ 
carbons.69 

69  McClure  and  Bateman,  Chem.  Eng.  News,  25,  3286  (1947). 
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HYDROGENATION,  DEHYDROGENATION,  AND 

HYDROGENOLYSIS 

Hydrogenation  is  defined  as  the  addition  of  molecular  hydrogen  to  a 
double  or  triple  bond  in  the  presence  of  a  catalyst  (Gilman  I,  780). 
The  reverse  process  is  dehydrogenation.  A  type  of  reaction  often  asso¬ 
ciated  with  hydrogenation  is  hydrogenolysis,  which  involves  cleavage  of 
a  molecule  by  combination  with  hydrogen  in  the  presence  of  a  catalyst. 

Since  the  discovery  by  Sabatier  in  1897  of  the  activity  of  nickel  for 
the  catalysis  of  hydrogenation  of  olefinic  compounds,  many  other  cat¬ 
alysts  have  come  into  use,  and  methods  have  been  developed  for  the 
successful  catalytic  hydrogenation  of  almost  every  type  of  olefinic  and 
acetylenic  compound  as  well  as  aromatic  rings.  Aldehydes,  ketones, 
esters,  nitriles,  and  many  other  types  of  compounds  have  been  hydro¬ 
genated  also.  In  addition,  much  progress  has  been  made  in  the  search 
for  conditions  which  would  permit  selective  hydrogenation,  i.e.,  would 
make  possible  hydrogenation  of  one  type  of  reducible  function  without 

affecting  others  that  might  be  present. 

Many  of  the  hydrogenation  processes  can  be  reversed  by  proper 
change  of  conditions.  Thus,  in  its  turn  catalytic  dehydrogenation  has 
assumed  an  important  position  in  synthesis  as  well  as  in  degradation  of 
natural  products.  In  a  similar  way  hydrogenolysis  has  found  many 

useful  applications. 

In  this  chapter  a  brief  review  will  be  made  of  the  vast  amount  oi 
useful  information  that  has  been  accumulated  in  the  field. 


Catalytic  Hydrogenation 

The  hydrogenation  of  unsaturated  fats,  an  early  industrial  application 
of  Sabatier’s  classic  discovery,  continues  to  be  very  ™por  ant  bo 
edible  and  nonedible  fats  being  prepared  in  this  way  Edible  fats 
used  as  lard  and  butter  substitutes,  whereas  nonedible  fats  are  co 

verted  chiefly  to  soaps  and  other  detergents.  ,  a- 

Cvclohexane  is  made  by  the  hydrogenation  of  benzene.  Hydrogena 
tion  of  naphthalene  yields  tetralin  and  decalin,  which  are  usefu  solvents. 

(cyclohex&nol)  -  ~  «bt«ned  tarn 
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phenol.  Technical  “isooctane”  is  produced  in  very  large  quantities  y 
the  hydrogenation  of  the  condensation  products  of  isobutylene  and 
butylenes.  The  pure  hydrocarbon  is  made  by  hydrogenation  of  tie 

diisobutylenes.  .  ,  ( 

Processes  involving  catalytic  hydrogenation  have  been  discovered  tor 

the  production  of  liquid  fuels.  The  Fischer-Tropsch  method  has  already 
been  mentioned  (p.  186).  In  the  Bergius  process  crushed  coal  is  dis¬ 
solved  in  an  equal  weight  of  a  heavy  oil  at  400°  and  subjected  to  cat¬ 
alytic  hydrogenation.  The  heavy  oil  contains  hydroaromatic  com¬ 
pounds  such  as  tetrahydronaphthalene  which  serve  as  hydrogen  carriers. 
Fuels  are  also  made  by  hydrogenation  of  tars. 

It  is  true,  of  course,  that  many  types  of  reduction  may  be  effected  by 
ordinary  chemical  reducing  agents.  However,  the  catalytic  method 
usually  is  superior  because  it  yields  a  product  in  relatively  pure  condi¬ 
tion.  Also,  control  of  reaction  conditions  is  easier  with  the  catalytic 
method.  The  special  equipment  required  for  catalytic  hydrogenation 
has,  however,  prevented  its  use  in  some  laboratories. 

One  concept  of  catalysis  postulates  the  adsorption  of  the  reactants 
individually  on  the  surface  of  the  catalyst,  whereupon  the  reaction 
occurs  (Gilman  I,  779).  According  to  this  theory  a  catalyst  to  be  effec¬ 
tive  must  adsorb  and  activate  the  reactants,  must  hold  them  in  the 
proper  ratio  and  space  relationship,  and  must  desorb  the  product. 

Catalysts.  The  most  useful  catalysts  for  the  hydrogenation  of  olefinic 
compounds  are  platinum,  nickel,  and  copper-chromium  oxide.  The 
Adams  method  employs  platinum  oxide  and  is  effective  at  room  tem¬ 
perature  and  low  pressures  for  a  wide  variety  of  compounds.  Many  of 
the  hydrogenations  carried  out  in  the  laboratory  involve  this  catalyst 
(OS  I,  61,  463).  When  more  strenuous  treatment  is  necessary,  the  high- 
piessure  bomb  is  employed.  The  Adams  method  is  used  extensively  in 
research  work  not  only  in  synthesis  but  also  as  a  method  of  estimating 
the  amount  of  unsaturation.  An  apparatus  has  been  devised  that 
makes  it  possible  to  measure  the  quantity  of  hydrogen  absorbed.  The 
Adams  catalyst  has  been  found  to  be  effective  also  in  the  hydrogenation 
of  aromatic  rings  under  high  pressure.1 

Nickel  on  kieselguhr  and  Raney  nickel  are  generally  used  at  higher 
emperatures  and  pressures.  The  Raney  catalyst  is  prepared  by  alloy- 
ing  equal  parts  of  nickel  and  aluminum  and  dissolving  out  the  aluminum 
with  sodium  hydroxide  (OS  29,  24).  It  is  probably  safe  to  say  that  in 

olefiniTenCe  °f  Z  hlghly  aCtlVe  Raney  nickel  cata>yst  relatively  few 

Pheres  rZvT^  reS‘St  hydroSenation  a*  100°  and  100  atmos- 

P  eres.  Rubber  requires  a  temperature  of  250-275°  for  hydrogenation. 

1  Baker  and  Schuetz,  J.  Am.  Chem.  Soc.,  69,  1250  (1947). 


254 


HYDROGENATION 


Both  palladium  (OS  26,  77)  and  Raney  nickel  can  be  used  to  reduce 
acetylenic  compounds  to  the  corresponding  olefins.  These  catalysts  are 
excellent  for  the  conversion  of  olefins  into  saturated  compounds,  and  it 
is  necessary  to  discontinue  the  introduction  of  hydrogen  when  the  olefin 
has  been  formed.  It  has  been  shown  that  Raney  iron  can  be  used  to 
effect  selective  reduction  of  triple  bonds  in  the  presence  of  double  bonds, 
which  are  not  attacked  in  the  presence  of  this  catalyst.2 

Raney  nickel  is  especially  useful  in  the  hydrogenation  of  phenolic 
compounds  such  as  phenol,  resorcinol,  and  catechol.  In  the  presence  of 
this  catalyst  and  at  temperatures  from  120°  to  150°,  the  corresponding 
hydroxy  cyclohexanes  are  formed  in  high  yields. 

Phenols  can  be  converted  to  the  corresponding  cyclohexanones  by 
partial  hydrogenation;  presumably  the  resulting  enol  undergoes  ketoni- 
zation.  This  type  of  reaction  has  been  postulated,  for  example,  in  the 
production  of  cyclohexanone  by  the  hydrogenation  of  phenol. 


OH 


OH 


0 


2H2 

- ► 

_ > 

Ni 

x/ 


Hydrogenation  of  2-napththol  in  the  presence  of  palladium  on  char¬ 
coal  and  N-ethylmorpholine  has  been  found  to  produce  2-tetralone  in 
yields  as  high  as  40%.3 

In  the  presence  of  alkali  partial  hydrogenation  may  occur  almost 
exclusively,  affording  a  useful  method  for  the  preparation  of  the  cor¬ 
responding  cyclohexanone  derivatives.  An  example  is  the  synthesis  of 
dihydroresorcinol,  or  1,3-cyclohexanedione,  by  the  hydrogenation  of 
resorcinol  in  the  presence  of  Raney  nickel  and  sodium  hydroxide  (OS  2/, 
21).  The  initial  hydrogenation  appears  to  be  followed  by  ketonization. 


OH 

OH 

0 

II 

h2 

A. 

k/ 

OH 

\k 

OH  Y 

k/ 

Presumably  the  product  exists  chiefly  as  the  enol,  1-cyclohexen-l-ol- 

3’°A  simfla^ result  Seen  obtained  with  pyrogallol;  with  a  mixture  of 
one  mole  of  alkali  and  one  mole  of  pyrogallol  the  uptake  of  hydrogen 


2  Thompson  and  Wyatt,  ./.  Am.  Chem .  Soc  * 62, ,2555  (194°). 
s  Stork  and  Foreman,  J.  Am.  Chem.  Soc.,  68,  2172  (1 J40). 
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ceases  abruptly  after  one  mole  has  been  absorbed.  The  dihydro  deriva¬ 
tive  has  been  shown  to  exist  in  the  form  of  a  stable  enediol  (I).4 


OH 

Aoh 


V 


OH 


+h2 

Ni 


o 

II 

/\0H 

OH 


Nitriles  can  be  hydrogenated  satisfactorily  with  nickel,  an  example 
being  the  synthesis  of  decamethylenediamine  from  sebaconitrile  (OS  27, 

18;  80%  yield).  /CN  /CH2NH2 

(CH2)s  +  4H2  — ->  (CH2)8 

XCN  Nl  xCH2NH2 

In  a  similar  way  phenylacetonitrile  yields  0-phenethylamine  (OS  23, 
71;  87%  yield).  Another  example  is  the  manufacture  of  hexameth- 
3rlenediamine  from  adiponitrile. 


/ 


CN 


(CH2)4  +  4H2 

XCN 


nh3 


H2N(CH2)6NH2 


In  the  hydrogenation  of  nitriles  a  side  reaction  leads  to  the  formation 
of  secondary  amines.  The  steps  of  this  process  have  been  formulated 
as  follows.5 


RCN  +  H2 
RCH=NH  +  H2 

RCH=NH  -f  RCH2NH2 
/NH2 

RCH  +  H9 

nNHCH2R 


RCH=NH 

RCH2NH2 

/NH2 

RCH 

nNHCH2R 
(RCH2)2NH  +  NH3 


1  he  presence  of  ammonia  has  been  found  to  decrease  the  amount  of 

secondary  amine  formation,  presumably  because  ammonia  combines 
preferentially  with  the  imine. 

NH 

RCH=NH  +  NH3  - >  RCH  2 

.NH, 


RCH 


NNH. 


+  H; 


RCH2NH2  +  NH, 


Pechi  rer  Jampolsky,  and  \V uest,  J.  Am.  Chem.  Soc.  70,  2587  (19481 
Schwoegler  and  Adkins,  /.  Am.  Chem.  Soc.,  61,  3499  (1939)  ' 
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One  of  the  most  versatile  catalysts  is  copper-chromium  oxide,  pre¬ 
pared  by  heating  copper  ammonium  chromate  at  350°.6  This  catalyst 
is  active  not  only  for  hydrogenation  of  olefinic  and  acetylenic  com¬ 
pounds  but  also  for  carbonyl  compounds.  Thus  in  one  operation  ethyl 
cinnamate  may  be  converted  to  3-phenyl- 1-propanol. 

C6H5CH=CHC02C2H5  - ¥  C6H5CH2CH2CH2OH 

Ethyl  adipate  affords  a  90%  yield  of  hexamethylene  glycol  when  this 
catalyst  is  employed  (OS  II,  325). 

/C02C2H5 

(CH2)4  - ►  HO(CH2)6OH 

^co2c2h5 

In  general,  nickel  is  more  effective  with  carbon-carbon  double  bonds 
than  with  carbonyl  double  bonds.  Copper-chromium  oxide,  on  the 
other  hand,  exhibits  higher  activity  with  carbonyl  compounds  than 
with  olefinic  substances.  Both  catalysts  are  active,  however,  with  both 
types  of  function  becoming  less  selective  at  higher  temperatures.  The 
following  are  examples. 

/%\ch2ch2co2c2h5  >  <(  )ch2ch2co2c2h5 


\ch2ch2co2c2h5 


\ch2ch2co2c2h5 


copper- 

chromium 

oxide 

250° 

Ni  or 
copper- 
chromium 
oxide 

350° 


>ch2ch2ch2oh 


>ch2ch2ch3 


The  effectiveness  of  Raney  nickel  on  the  one  hand  and  of  copper- 
chromium  oxide  on  the  other  is  well  illustrated  by  the  industrial  processes 

for  the  hydrogenation  of  furfural.7 

Furfuryl  alcohol  is  produced  commercially  at  175°  and  1000-1500  lb. 
per  sq  in.  in  the  presence  of  1-2%  of  copper-chromium  oxide  catalyst. 
By  merely  changing  the  catalyst  to  Raney  nickel,  or  better  by  using  a 
mixture  of  the  two  catalysts,  furfural  can  be  transformed  to  tetia  y- 

drofurfuryl  alcohol. 


copper- 


4r 


o7 


CH2OH  chromium 
oxide 


Raney  Ni 
or 


4 


V 


QjjQ  Raney  Ni  + 

copper-chromium 
oxide 

6  Riener,  J.  Am.  Chem.  Soc.,  71,  1130  (1949). 

7  Wojcik,  Ind.  Eng.  Chem.,  40,  210  (1948). 


V 


ch2oh 


SELECTIVITY 


257 


Raney  nickel  makes  possible  practically  quantitative  conversion  of 
2,3-dihydropyran  to  tetrahydropyran  (OS  23,  90).  This  reaction  has 
become  important  because  of  the  discovery  that  tetrahydrofui  furyl 
alcohol  can  be  isomerized  to  2,3-dihydropyran  (OS  23,  25;  70%  yield). 

/\  \T?  /\ 


AI0O3 


V 


ch2oh 


4 


-H,0 


Ni 


V 


h5 
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The  copper-chromium  oxide  catalyst  also  permits  opening  of  the  ring 
of  tetrahydrofurfuryl  alcohol  to  produce  pentamethylene  glycol  (OS  26, 
83;  47%  yield). 

One  advantage  of  the  copper-chromium  oxide  catalyst  is  its  relative 
insensitiveness  to  catalyst  poisons.  Platinum  catalysts  are  more  sensi¬ 
tive  to  such  impurities  than  is  nickel;  copper-chromium  oxide  catalysts 
require  no  special  precaution  as  to  the  purity  of  materials. 

The  most  suitable  solvents  for  use  with  nickel  or  copper-chromium 
oxide  catalysts  are  ethyl  alcohol,  dioxane,  ether,  and  methylcyclo- 
hexane.  It  is  unsafe  to  use  nickel  with  dioxane  except  at  low  tempera¬ 
tures;  this  solvent  undergoes  cleavage  and  explodes  above  about  175°. 
Copper-chromium  oxide,  however,  may  be  employed  safely  with  di¬ 
oxane.  With  platinum  catalysts  it  is  possible  to  use  also  acidic  solvents 
such  as  glacial  acetic  acid. 

Temperature,  pressure  of  hydrogen,  purity  of  reactants,  activity  of 
the  catalyst,  and  alkalinity  (or  acidity)  of  the  reaction  medium  are 
interdependent  variables  affecting  the  rate  of  hydrogenation. 

Selectivity.  By  the  proper  choice  of  catalyst  and  experimental  con¬ 
ditions  it  is  possible  to  hydrogenate  selectively,  reducing  one  type  of 
function  without  altering  others  that  may  be  present.  The  commonest 
example  is  the  saturation  of  olefinic  linkages  without  attacking  ester 
groups  or  other  oxygen-containing  functional  groups.  Thus  unsatu¬ 
rated  esters  are  readily  transformed  into  the  corresponding  saturated 
esters.  The  more  difficult  problem  of  effecting  hydrogenation  without 
mvolvmg  the  olefinic  linkages  has  been  solved,  also,  in  a  large  number 
o  instances.  Thus  by  employing  zinc-chromium  oxide  at  300°  it  is 

possible  to  convert  n-butyl  oleate  to  oleyl  alcohol,  1-octadecanol  being 
formed  in  only  small  amounts.  s 

CH3(CH2)7CH=CH(CH2)7C02C4H9  - ► 

CH3(CH2)7CH=CH(CH2)7CH2OH 

by  <«■»,  with  hydrogen  ,he  p«ra,ce  p,olin”™4»““ 
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taining  zinc  and  ferrous  salts.  Ferrous  salts  are  known  to  accelerate 
hydrogenation  of  carbonyl  groups  (Gilman  I,  804). 

c6h5ch=chcho  +  h2  — -  Pt  >  C6H5CH=CHCH2OH 

Fe’1"1',  Zn++ 

Another  example  of  selectivity  in  hydrogenation  is  the  preferential 
attack  of  phenolic  groups  in  compounds  that  contain  phenol  ether 
groups  also,  the  catalyst  being  copper-chromium  oxide.8  A  specific  ex¬ 
ample  is  the  hydrogenation  of  the  monomethyl  ether  of  hexestrol  at  240° 
and  a  pressure  of  6000-6500  lb.  per  sq.  in.;  only  the  phenolic  ring  was 
reduced.9 

x  x  ch3o/ 


ch3o< 


HO< 


>CHCH2CH3 


\CHCHoCH, 


HO< 


>CHCH2CH3 


>chch2ch3 


Influence  of  Pressure.  Variations  in  pressure  may  profoundly  affect 
the  course  of  hydrogenation,  as  is  illustrated  by  the  hydrogenation  of 
ethyl  stearate  at  250°  in  the  presence  of  copper-chromium  oxide.  At 
200-300  atmospheres  a  nearly  quantitative  yield  of  1-octadecanol  is 
obtained;  at  120  atmospheres  the  alcohol  is  accompanied  by  octadecyl 
stearate,  presumably  formed  from  octadecanal  by  a  Tischenko  type 
(p.  359)  of  reaction. 

c17h35co2c2h5 - >  C17H35CHO - ¥  c17h35ch2oh 

2Ci7H35CHO  - ¥  C17H35C02CH2Ci7H35 

A  reaction  of  the  Tischenko  type  would  be  favored  by  low  pressure, 
since  the  aldehyde  (hydrogen  acceptor)  would  be  present  in  relatively 
higher  proportion  than  the  hydrogen;  i.e.,  few  if  any  hydrogen  atoms 
would  be  adsorbed  between  adjacent  aldehyde  molecules,  thus  favoring 

the  reaction  of  aldehyde  molecules  with  one  another. 

Another  example  of  the  effect  of  pressure  is  found  in  the  hydrogena¬ 
tion  of  ethyl  oximinoacetoacetate. 


CH3C-CC02C2H5 
6  NOH 


Ni,  H2 
300  atm.  (rapidly) 


80° 


!>  ch3ch-chco2c2h5 


Ni,  H2 

120  atm.  (slowly) 

80°~~ 


OH  NH2 
N 

/  \ 

ch3c 


c2h,o2cc 


\ 


cco2c2h5 

cch3 


N 


8  Musser  and  Adkins,  J.  Am.  Chen, »  See.  ,60,  664  jff- 

9  Wilds  and  McCormack,  J.  Am.  Chem.  Soc.,  , 
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The  Fischer-Tropsch  synthesis  of  higher  hydrocarbons  from  hydrogen 
and  carbon  monoxide  (p.  186)  is  carried  out  at  relatively  low  pressures. 
At  high  pressures  methane  is  the  chief  product,  since  relatively  large 

amounts  of  hydrogen  are  held  by  the  catalyst. 

In  general  high  pressure  is  to  be  recommended  when  it  is  desired  to 
avoid  condensation  reactions,  these  being  favored  by  low  concentration 
of  hydrogen  on  the  catalyst  surface.  High  pressures  are  required  also 
for  the  hydrogenolysis  of  highly  hindered  esters  to  overcome  the  shield¬ 
ing  effect  of  the  branched  chains  on  active  centers  of  the  catalyst.  An 
example  is  the  conversion  of  ethyl  pivalate  to  neopentyl  alcohol  (Gil¬ 
man  I,  793). 

(CH3)3CC02C2H5  - ►  (CH3)3CCH2OH 


Amount  of  Catalyst.  A  high  ratio  of  catalyst  to  hydrogen  acceptor 
(100-150%  by  weight)  is  effective  in  lowering  the  temperature  of  reac¬ 
tion  with  hydrogen  and  makes  possible  certain  hydrogenations  which 
do  not  take  place  otherwise.  Thus  /3-hydroxy  esters,  which  normally 
yield  primary  alcohols,  give  1,3-glycols  when  massive  amounts  of  cat¬ 
alyst  are  taken.10 


rchch2co2c2h5 

OH 


5%  copper- 
chromium  oxide 

- > 

200° 


RCH2CH2CH2OH 


rchch2co2c2h5 

OH 


150%  copper- 
chromium  oxide 

- > 

125° 


RCHCH2CH2OH 

OH 


Another  example  is  the  reduction  of  methyl  laurate  to  1-dodecanol, 
which  pioceeds  satisfactorily  (80—90%  yield)  at  150°  in  the  presence  of 
150%  of  copper-chromium  oxide,  whereas  no  reduction  occurs  even  at 
200-210°  when  only  5%  of  the  catalyst  is  present. 

The  reduction  of  a-amino  esters  to  a-amino  alcohols  likewise  proceeds 

readily  at  low  temperatures  (25-100°)  in  the  presence  of  150%  bv 
weight  of  nickel.11 

Hydrogenolysis.  Hydrogenolysis  of  halogen  compounds  can  be 
effected  with  various  catalysts.  Actually  catalytic  hydrogenation  of 
la  ogen  compounds  is  usually  accompanied  by  dehalogenation.  With 
palladized  charcoal  or  the  Adams  catalyst,  aliphatically  bound  halogens 
are  resistant  to  hydrogenolysis  in  acid  or  neutral  media  unless  under 
influence  of  adjacent  unsaturation.  Aromatically  bound  halogen  is 

!!  ^j,kmS  and  Bjlllca>  J-  Am.  Chem.  Soc.,  70,  3121  (1948). 

Adkins  and  Billica,  J.  Am.  Chem.  Soc.,  70,  3118  (1948). 
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removed  more  readily,  particularly  if  labilized  by  an  amino  group.12  An 
important  example  is  the  conversion  of  2-chlorolepidine  to  lepidine  by 
catalytic  hydrogenolysis  (OS  26,  45;  87%  yield). 


CH3 

AA 


w 


Cl 


ch3 

^\/\ 


w 


A  synthesis  of  o-£-butylphenol  involves  £-butylation  of  p-bromophenol 
followed  by  debromination  with  Raney  nickel-aluminum  alloy  and 
aqueous  alkali.13 


OH 


\/ 

Br 


OH 

(CH3)3CrA 


Br 


(CH3)3C 


OH 


V 


A  remarkable  synthesis  is  that  of  polyphenyls  by  catalytic  hydrogena¬ 
tion  of  dibromobenzenes.  It  depends  on  the  fact  that  hydrogen  in  the 
presence  of  palladium  on  calcium  carbonate  removes  halogen  attached 
to  aromatic  rings  without,  however,  replacing  it  promptly  by  hydrogen. 
In  other  words,  the  conditions  are  favorable  for  the  coupling  of  ai  y  1 
radicals.  For  example,  bromobenzene  under  these  conditions  gives  a 
75%  yield  of  biphenyl. 

p-Dibromobenzene  appears  to  be  converted  to  p-phenylene,  which 
polymerizes  to  polyphenyls.  In  practice  the  product  consists  largely  ol 
biphenyl,  terphenyl,  and  quaterphenyl.  However,  smaller  amounts  ol 
quinquephenyl,  sexiphenyl,  and  septiphenyl  have  been  isolated.11 

Melting  Yield 

point  (%) 


Biphenyl,  C6H5-C6H5 
p-Terphenyl,  C6H5-C6H4-C6H5 
p-Quaterphenyl,  CeHsCCeH^CeHs 
p-Quinquephenyl,  CeHsCCeH^sCeHs 
p-Sexiphenyl,  CeHftlCeH^^eHs 
p-Septiphenyl,  CeHsCCe^bCeHg 


70° 

210 

320 

395 

475 

545 


21 

14 

10 

2 

0.7 

0.2 


The  higher  members  melt  very  high  and  are  so  insoluble  that  the  only 
method  of  isolation  and  purification  is  fractional  sublimation,  carried 


out  at  low  pressures. 

12  Baltzly  and  Phillips,  J.  Am.  Chem.  Soc.,  68,  261  (1946). 

13  Hart,  J.  Am.  Chem.  Soc.,  71,  1966  (^49)* 

14  Busch  and  Weber,  J.  prakt.  chem.,  146,  1  (lJ3Dj. 
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m-Dibromobenzene  proved  to  afford  much  more  interesting  results. 
The  meta  polyphenyls  are  much  lower  melting  and  more  soluble  than 
the  para  compounds,  thus  making  it  possible  to  isolate  and  characterize 
members  high  in  the  series.  These  compounds  were  purified  by  recrys¬ 
tallization  from  such  solvents  as  toluene,  dimethylaniline,  and  qumo- 
line.  Their  molecular  weights  were  determined  cryoscopically. 


Biphenyl 

Melting 

point 

70° 

w-Terphenyl 

85 

ra-Noniphenyl 

166 

m-Deciphenyl 

184 

m- U  ndecipheny  1 

202 

w-Dodeciphenyl 

223 

ra-Tredeciphenyl 

245 

m-Quatordeciphenyl 

271 

A  striking  effect  of  the  resonance  stabilization  of  the  allyl  type  of 
group  is  the  relative  ease  with  which  benzyl  ethers  undergo  catalytic 
hydrogenolysis.  This  type  of  cleavage  (debenzylation)  can  be  effected 
with  platinum  at  room  temperature  or  with  nickel  at  100°.  An  example 
is  the  cleavage  of  benzyl  phenyl  ether. 


<3cH20<3  +  H2  Nl  °r  Pt)  <3cH3  +  <^V)H 

The  facile  hydrogenolysis  of  the  carbobenzoxy  group  (p.  194)  is  uti¬ 
lized  in  the  Bergmann  dipeptide  synthesis,  the  final  step  of  which  is 
removal  of  this  protecting  group. 


R 

rchconhchco2h  +  h2  - - > 

nhco2ch2c0h5  Pd  on  c 

R 

rchconhchco2h  +  c6h5ch3  +  co2 
nh2 


Hydroxyl  compounds  in  which  the  hydroxyl  group  is  easily  replaced 
readily  undergo  hydrogenolysis.  Alcohols  of  the  benzyl  type,  for  exam¬ 
ple,  are  hard  to  prepare  by  catalytic  hydrogenation  of  the  correspondino- 

esters  because  ol  the  difficulty  of  interrupting  the  process  at  the  alcohol 
stage. 


e6tersmwfihPr0bIem  euStS  the  h-vdroSenation  of  substituted  malonic 
eeteis,  vuth  copper-chromium  oxide  these  yield  chiefly  substituted 
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propyl  alcohols  instead  of  the  expected  1,3-glycols.  It  is  known,  more¬ 
over,  that  1,3-glycols  undergo  hydrogenolysis  to  propanols.  For  exam¬ 
ple,  1 ,3-cyclohexanediol  is  converted  to  cyclohexanol  at  200°  over  cop¬ 
per-chromium  oxide.  Glycerol  likewise  loses  one  hydroxyl  group,  yield¬ 
ing  propylene  glycol.  The  peculiar  ease  with  which  1,3-glycols  suffer 
hydrogenolysis  may  be  related  to  the  fact  that  /3-hydroxy  carbonyl 
compounds,  in  which  the  hydroxyl  group  is  labile,  are  probable  inter¬ 
mediates. 

An  important  advance  in  the  catalytic  reduction  of  esters  over  copper- 
chromium  oxide  was  made  when  it  was  discovered  that  massive  amounts 
of  catalyst  make  it  possible  to  interrupt  the  hydrogenation  at  the  alcohol 
stage  (p.  259). 

It  may  be  pointed  out  that  the  hydrogenolysis  of  glycerol  to  propylene 
glycol  is  not  desirable,  since  the  glycol  is  made  cheaply  from  propylene 
(p.  112).  Hydrogenolysis  involving  the  secondary  hydroxyl  group,  on 
the  other  hand,  would  give  the  relatively  expensive  trimethylene  glycol. 
Fortunately  this  transformation  can  be  brought  about  by  a  fermenta¬ 
tion  process. 

It  may  be  mentioned  here  that  a  number  of  substituted  benzyl 
alcohols  have  been  made  by  electrolytic  reduction  of  the  corresponding 
benzoic  acids.  Anthranilic  acid,  for  example,  affords  a  78%  yield  of 

o-aminobenzyl  alcohol  (OS  21,  10). 

Desulfurization.  Removal  of  sulfur  from  a  compound  can  be  effected 
usefully  by  hydrogenolysis  in  the  presence  of  an  active  Raney  nickel 
catalyst.  Actually  the  only  hydrogen  required  is  that  adsorbed  on  the 
catalyst  during  its  preparation.  An  example  is  the  desulfurization  of 


15 

CO 

CO 

/  \ 

NH  NH 

/  \ 

NH  NH 

|  | 

•o— 

W 

-Q- 

1 

-4  CH - CH 

1  | 

CH2  CH(CH2)4C02H 

ch3  ch2(ch2)4co2h 

S 

This  behavior  of  sulfur  compounds  has  been  made  the  basis  of  a 
method  of  making  aldehydes,  in  which  the  conversion  of  acid  chlorides 
to  the  corresponding  aldehydes  is  accomplished  by  way  ot  the  thio 
When  treated  with  Raney  nickel,  these  esters  undergo  hydro- 

J.  Am.  Chem.  Soc.,  66,  1013  (1943). 


is  Mozingo,  Wolf,  Harris,  and  Folkers, 
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genolysis  to  yield  aldehydes.16  Ethyl  thiolpropionate,  for  example, 
yields  propionaldehyde. 

O 

CH3CH,CSCH2CH3  +  2H2  - >  ch3ch2cho  +  h2s  +  c2h6 

Mercaptals  and  mercaptols  are  desulfurized  also  yielding  the  hydro¬ 
carbons  corresponding  to  the  carbonyl  compounds  from  which  they 
were  formed.  This  hydrogen olysis  reaction  affords  a  way,  therefore, 
of  reducing  aldehydes  and  ketones  to  the  hydrocarbon  stage.  Benzo- 
phenone,  for  example,  is  converted  to  diphenylmethane.17 


C6H5 

\>0 

c6h/ 


C2H5SH 

- ► 


c6h5  sc2h5 
\  / 
c 

c6h/  sc2h5 


c6h5ch2c6h5 


The  Rosenmund  Reduction.  In  the  synthesis  of  aldehydes,  particu¬ 
larly  in  connection  with  natural  products,  hydrogenolysis  of  acid  chlo¬ 
rides  by  the  method  of  Rosenmund  has  been  found  to  be  very  useful 
(OR  4,  362).  Ihe  usual  catalyst  is  palladium  deposited  on  barium  sul¬ 
fate  (OS  26,  77).  An  example  is  the  conversion  of  2-naphthoyl  chloride 
to  2-naphthaldehyde  (OS  21,  84). 


2-C10H7COCl  +  H2 


2-C10H7CHO  +  HC1 


Mesitaldehyde  can  be  produced  in  a  similar  fashion  (OS  21,  110). 


COC1 


CH3r  ^CHs 


+  HS 


V 

ch3 


CHO 

ch3/\ch; 


\/ 

ch3 


+  HC1 


The  ehloridc  of  methyl  hydrogen  phthalate  affords  an  80%  yield  of 
methyl  phthalaldehydate,  otherwise  difficult  to  come  by  18 

„  JhttPr0C!d,Ur!  is  t0  dissolve  the  chloride  «  xylene,  toluene,  or  decalin 
d  the  catalyst,  and  pass  in  purified  hydrogen.  The  temperature  is 

eanwhile  raised  gradually  to  the  optimum  point.  The  most  favorable 
emperature  is  the  lowest  at  which  hydrogen  chloride  is  evolved  It  is 
very  important  that  the  acid  chloride  be  pure.  U 

71>  3317  (1949)- 

-  lb  an  urgstahler,  /.  Am.  Chem.  Soc.,  71,  2251  (1949). 
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The  chief  difficulty  is  that  the  reaction  is  hard  to  stop  when  the  reduc¬ 
tion  is  complete;  secondary  changes  take  place.  Further  reduction  may 
give  the  alcohol  or  even  the  hydrocarbon. 

RCHO  +  H 2  - >  RCH2OH 

RCH2OH  +  H2  - >  RCH3  +  H20 

The  products  of  these  reactions  may  react  with  the  original  acid  chloride. 

RCOC1  +  RCH2OH  - ¥  RC02CH2R  +  HC1 

2RCOC1  +  H20  - >  (RC02)0  +  2HC1 

To  keep  the  reduction  from  going  too  far  it  is  usual  to  add  a  “poison.” 
Generally  quinoline-S,  made  by  heating  quinoline  with  sulfur,  is  em¬ 
ployed.  It  is  known  as  a  “regulator”  and  serves  to  stop  the  reaction  at 
the  end  of  the  first  phase.  It  is  usually  possible  to  tell  when  this  point 
is  reached  by  noting  the  rate  of  evolution  of  hydrogen  chloride.  When 
the  flow  of  this  gas  stops,  the  aldehyde  is  isolated  as  the  bisulfite  addi¬ 
tion  compound. 

The  yields  of  aromatic  aldehydes  by  this  method  are  from  70  to  90%. 
The  2-,  3-,  and  9-phenanthrenecarboxaldehydes  were  prepared  from  the 
corresponding  acids  in  yields  of  90%.19  The  yields  of  heterocyclic  alde¬ 
hydes  are  somewhat  lower.  In  the  coumarin,  pyridine,  pyrazole,  and 
triazole  series  yields  from  60  to  70%  have  been  reoprted.  Only  a  few 
aliphatic  aldehydes  appear  to  have  been  made  by  this  procedure. 

It  is  remarkable  that  the  hydrogenolysis  of  the  -COC1  group  can 
be  accomplished  satisfactorily  even  when  certain  other  reducible  groups 
are  in  the  molecule.  p-Nitrobenzaldehyde  and  cinnamaldehyde,  for 
example,  can  be  made  from  the  corresponding  chlorides  in  yields  of  91 

and  60%,  respectively. 


Dehydrogenation 

Paraffins.  Very  remarkable  processes  have  been  worked  out  for 
making  the  butylenes  and  1,3-butadiene.  -Butane  can 
genated  to  1-butene  and  2-butene,  and  these  in  turn  yield  1,3-buta d  ene, 
a  very  important  raw  material  for  the  manufacture  of  synthetic  rubbers. 

CH3CH2CH2CH3  ^4  CH3CH2CH=CH2  and  CH3CH=CHCH3 

CH3CH2CH=CH2  -11^  Ch2=CH-CH=CH2 

ch3ch=chch3 

1.  Mosettig  and  van  de  Kamp,  J.  Am.  Chem.  Sac,  65,  2995  (1933). 
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These  are  vapor-phase  catalytic  dehydrogenations.  The  transforma¬ 
tion  of  butenes  into  butadiene  involves  a  molybdenum  oxide  catalyst, 
moderately  high  temperatures,  and  a  very  short  period  (10-15  seconds) 
of  contact.  A  25%  conversion  is  claimed,  and  yields  are  reported  to  be 
as  high  as  85-95%.  During  the  war  years  a  large  part  of  the  butadiene 
was  derived  from  petroleum  sources,  and  in  the  postwar  period  sub¬ 
stantially  all  of  it  is  expected  to  be  made  from  petroleum  because  of  the 
inherent  low  cost.20 

Isoprene  can  be  made  in  quantity  by  the  dehydrogenation  of  isopen¬ 
tane. 

Styrene,  a  constituent  of  coal  tar  and  an  important  raw  material  for 
synthetic  rubbers,  can  be  made  by  pyrolysis  of  ethylbenzene  in  the 
presence  of  a  chromia-alumina  type  of  catalyst  at  temperatures  in  the 
neighborhood  of  600°. 

c6h5ch2ch3  — >  c6h5ch=ch2  +  h2 


The  yields  are  improved  if  subatmospheric  pressures  are  employed. 
Diminution  of  the  partial  pressure  by  a  diluent  such  as  steam  or  benzene 
achieves  the  same  result.  Yields  of  nearly  90%  are  obtained  when  ben¬ 
zene  is  used  with  ethylbenzene  in  the  ratio  of  5  to  1  at  581°. 21  The  gen¬ 
eral-purpose  rubber,  GR-S,  produced  on  a  large  scale,  is  of  the  Buna-S 

type  and  is  made  by  copolymerizing  75  parts  of  butadiene  with  25  parts 
of  styrene. 

Hydroaromatic  Compounds.  Hydroaromatic  compounds  can  be 
dehydrogenated  to  yield  the  corresponding  aromatic  compounds.  The 
usual  pi  ocedure  is  to  heat  the  compound  with  sulfur  or  selenium  or  with 
a  metal  catalyst  such  as  palladium  or  platinum.  Thus  tetralin  is  con¬ 
verted  to  naphthalene  by  heating  with  sulfur  at  250°  or  with  palladium 
on  charcoal  at  180°. 

AA  AA 


+  2H2S 


AA 


Pd 


A\/\ 


+  2H; 


w 

S*"  leads  to  the  formation  of  undesirable  sulfur  compounds 

Also  seknium^s  1^  A  selenium  is  usually  to  be  preferred. 

’  1  ess  llkely  to  promote  side  reactions  (AR  1936,  294). 

2i  ^tarr  and  Ratcliff>  Ind-  Eng.  Chem .,  38,  1020  (1946). 

avi  y,  Zetterholm,  and  Hervert,  Ind.  Eng.  Chem.,  38,  829  (1946). 
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Colloidal  platinum  and  palladium  are  the  most  useful  catalysts  for 
dehydrogenation  on  a  laboratory  scale.  Invariably  the  activity  of  these 
metals  is  increased  if  they  are  supported  on  charcoal  or  asbestos.  These 
supporting  materials  appear  to  play  an  important  role  in  determining 
the  course  of  the  reaction. 
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Substance 

dehydrogenated 

Product 

• 

Catalyst 

or 

reagent 

Temper¬ 

ature 

Yield 

(%) 

CH, 

/\L_ 

sA/ 

CIS 

/ 

\ 

A—l 

nAx 

Pd  on  C 

330 

80 

/  \ 

\  / 

A 

V 

'i  ch=ch2 

Cr203 

455 

93 

/  \ 

CHj 

f/\ 

X 

Se 

440 

•  ••• 

Liquids  that  are  not  too  low  boiling  may  be  dehydrogenated  simply 
by  heating  a  mixture  of  the  compound  and  the  catalyst.  To  prevent  a 
reversal  of  the  reaction  and  to  furnish  an  inert  medium  the  reaction  is 
usually  run  in  an  atmosphere  of  carbon  dioxide  or  nitrogen.  It  has  been 
lound  to  be  advantageous  to  pass  carbon  dioxide  gas  through  the  mix¬ 
ture  to  entrain  the  hydrogen  and  remove  it  from  the  equilibrium  mix¬ 
ture.  Also,  it  is  helplul  to  maintain  the  reaction  mixture  in  a  state  of 
vigorous  ebullition,  which  aids  in  dislodging  the  hydrogen  from  the 
active  surface  of  the  catalyst.  In  one  method,  the  dehydrogenation  is 
carried  out  in  the  presence  of  benzene  in  a  high-pressure  hydrogenation 
apparatus.  The  hydrogen  from  the  hydroaromatic  compound  is  taken 
up  by  the  benzene  which  is  converted  to  cyclohexane.22  By  this  method 
bicyclohexyl  can  be  converted  to  biphenyl  in  almost  quantitative  yields. 

t  is  interesting  that  benzene  contaminated  with  thiophene  is  effective 
wnereas  pure  benzene  is  not.23 

Dehydrogenation  is  often  accompanied  by  other  changes  such  as  dis¬ 
proportionation,  rearrangement,  and  elimination  of  groups.  However 

deternffnatio^of  Y7  ^  b  ^ 

■  381  (1918). 
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utilization  of  hydroaromatic  compounds  found  in  virgin  as  well  as 
crocked  petroleum  stocks  (naphthas).  Fractions  rich  in  methylcyclo- 
hexane  were  dehydrogenated  by  a  reforming  process  known  in  the  indus¬ 
try  as  “hydroforming”  because  it  is  carried  out  in  an  excess  of  hydrogen. 
By  suitable  choice  of  catalysts  and  conditions,  dimethylcyclopentanes, 
ethylcyclopentane,  and  cycloheptane  can  be  dehydroisomerized  to  yield 
toluene.  A  typical  catalyst  contains  oxides  or  sulfides  of  molybdenum. 

The  toluene  development  is  a  striking  illustration  of  the  speed  with 
which  the  petroleum  industry  adapted  itself  to  the  war  emergency.  At 
the  outbreak  of  World  War  II  it  began  immediately  to  manufacture 
toluene  from  petroleum,  and  by  the  end  of  1943  the  output  was  many 
times  that  from  all  other  sources.  It  is  said  that  the  total  amount  of 
toluene  used  to  make  TNT  during  World  War  I  would  have  been  only 
a  19-day  supply  in  World  War  II. 

Dehydrogenation  would  be  expected  to  be  facilitated  by  the  presence 
of  unsaturated  linkages  because  of  the  enhanced  reactivity  of  the  h\  dr o- 
gen  atoms  of  adjacent  methylene  groups.  In  other  words,  introduction 
of  a  new  double  bond  by  dehydrogenation  should  be  easier  if  the  newly 
created  double  bond  forms  part  of  a  conjugated  system.  Evidence  for 
this  assumption  is  the  fact  that  certain  olefinic  compounds,  when  heated 
in  the  presence  of  a  hydrogenation  catalyst,  are  found  to  undergo  dis¬ 
proportionation  to  the  corresponding  dienes  and  paraffinic  compounds. 
An  example  is  the  conversion  of  cyclopentene  to  a  mixture  of  cyclo- 
pentadiene  and  cyclopentane.  The  disproportionation  can  be  effected 
at  elevated  temperatures  in  the  presence  of  catalysts  such  as  vanadium 


PGThe  tendency  to  undergo  disproportionation  of  this  type  would  be 
expected  to  be  at  a  maximum  with  partially  hydrogenated  aromatic 
compounds,  because  of  the  high  degree  of  stability  of  the  aromatic 
rings  Experiment  has  verified  this  prediction.  Cyclohexene,  for  exam¬ 
ple  in  the  presence  of  chromia  goes  to  a  mixture  of  cyclohexane  and  ben¬ 
zene  at  temperatures  below  100°.  Di-  and  tetrahydrobenzenes  also 
undergo  disproportionation  in  the  presence  of  platinum  or  palladium 

„  *******  -v 

changes  when  the*  are  nee,»»ry  t.r  ,,om.t-t,on  to  .cc  n 

hydrocarbons,  ^can  he  — 
by  dehydrogenation  of  partially  hydrogenated  azulenes. 

»  Plattner,  Furst,  and  Jirasek,  Helv.  Chim.  Acta,  29,  <30  (l.)46). 
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It  might  be  expected  that  sulfur  would  react  with  paraffinic  hydro¬ 
carbons  in  a  manner  analogous  to  autoxidation.  Actually,  it  acts  as  a 
dehydrogenating  agent,  converting  hydrocarbons  to  hydrogen  sulfide, 
carbon  disulfide,  and  complex  sulfurized  derivatives  in  addition  to 
olefins  (CR  39,  219).  It  has  been  found  possible  to  prepare  thiophene 
and  its  homologs  by  the  interaction  of  sulfur  and  paraffins.  If  n-butane 
is  used,  thiophene  is  obtained  in  satisfactory  yields.25  The  reactants 
are  preheated  separately  to  about  600°  and  introduced  rapidly  through 
a  mixing  nozzle  into  a  reaction  tube  at  600°.  Only  a  fraction  of  a  second 
is  allowed  for  the  reaction,  which  can  be  controlled  in  such  a  way  as  to 
obtain  an  80%  conversion  to  a  product  made  up  of  about  equal  parts  of 
thiophene,  butadiene,  and  normal  butylenes.  The  successive  changes 
appear  to  be  the  following. 

butane  - >  butenes  - >  butadiene  - ►  thiophene 


Evidence  that  the  unsaturated  compounds  are  intermediates  is  the 
fact  that,  by  recycling  the  unsaturated  products,  the  conversion  to 
thiophene  may  be  increased  to  as  much  as  50%.  Moreover  it  is  well 
known  that  butadiene  and  its  derivatives  yield  thiophene  and  thiophene 
derivatives  when  heated  with  sulfur.  An  example  is  the  conversion  of 
isoprene  into  3-methylthiophene.26  3-Phenylthiophene  has  been  made 
in  a  similar  fashion  from  2-pheny  1-2-butene,  presumably  by  way  of  the 
corresponding  diene.27 


C6H5C=CH 

ch3  ch3 


C6H5C - CH  - >  C6H5C 

ch2  ch2  II. 


CH  CH 


CH 


\  / 


s 
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bination  of  dehydrogenation  and  cyclization.28  By  passing  the  paraffin 
over  chromic  oxide  on  alumina  at  500°  and  1  atmosphere,  a  nearly 
quantitative  yield  of  the  corresponding  aromatic  hydrocarbon  is  ob¬ 
tained.  n-Heptane,  for  example,  affords  a  90%  yield  of  toluene. 


ch3 

ch2 

/ 

Oil,  CH; 


CH2  ch2 

\  / 

ch2 


ch3 


\/ 


+  4H. 


The  activity  of  the  chromia-alumina  catalyst  is  improved  by  the  addition 
of  antimony  tetroxide.29 

It  should  be  pointed  out  that  catalytic  dehydrogenation  of  naphthenic 
hydrocarbons  (p.  268)  to  the  corresponding  aromatic  compounds  occurs 
at  much  lower  temperatures  than  those  necessary  for  aromatization  of 
paraffins.30 

Aromatization  has  been  found  to  occur  with  those  paraffins  and 
monoolefins  which  have  six  carbon  atoms  at  least  five  of  which  are  in  a 
straight  chain.  If  a  compound  can  yield  several  different  aromatic  hy¬ 
drocarbons,  the  product  will  consist  chiefly  of  an  aromatic  ring  beai  ing 
one  methyl  group  and  the  remaining  carbon  atoms  in  excess  of  six  m  one 
normal  chain.  There  is  evidence  that  in  the  aromatization  of  para  ns 

the  monoolefin  is  an  intermediate.  ,  , 

Processes  have  been  worked  out  in  which  the  yield  of  aromat.c  hydro¬ 
carbons  from  a  given  naphtha  can  be  made  very  hig  1  y  su  jec  ing  e 
stock  successively  to  conditions  favoring  dehydrogenation  of  paia 
and  cyclization  to  aromatics,  isomerization  of  cyclopentanes  ai  . 
heptanes  to  cyclohexanes,  and  dehydrogenation  of  the  hydroaromatics 

thus  formed. 

Cyclodehydrogenation 

Cvclodehvdrogenation  has  been  defined  as  the  intramolecular  loss  of 

type  of  ring  closure  are  known  (AR  1947,  124). 

28  Brit.  Chem.  Digest,  1,  68  (1946).  (1946). 

. **,. W.O, 

8». «»• «» «*’>■ 


THE  SCHOLL  REACTION  271 

The  formation  of  naphthalene  from  o-divinylbenzene  is  illustrative.32 

/\cH=CH2  fA)A 

— ►  +H2 

ch=ch2 


The  formation  of  phenanthrene  from  2,2'-dimethylbiphenyl  by  treat¬ 
ment  with  sulfur  is  another  example.33 


+  2H2S 


When  2-methylbiphenyl  is  treated  with  palladium  at  450°,  fluorene  is 
produced.34 


A  somewhat  different  type  of  cyclodehydrogenation  is  exemplified  by 
the  conversion  of  1-phenylnaphthalene  to  fluoroanthane.31 


This  ring  closure  is  similar  to  that  discovered  by  Scholl. 

The  Scholl  Reaction.  The  Scholl  reaction  ordinarily  involves  an  aroyl 
derivative  of  an  aromatic  hydrocarbon.  When  the  ketone  is  heated 
with  aluminum  chloride,  hydrogen  is  lost  and  ring  closure  ensues.  The 
formation  of  benzanthrone  from  l-benzoylnaphthalene  is  an  example 
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32  an<J  Ohlinger,  Ber.,  76,  1250  (1943). 

"  Stro“l**K  and  Wiles,  J.  Chem.  Soc.,  319  (1936) 
Orchin,  J.  Am.  Chem.  Soc.,  68,  571  (1946). 
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A  very  similar  cvclization  can  be  effected  with  di- 1-naphthyl  ketone. 


A/ 


CO 

AA 
vA 


+  h2 


The  conversion  of  benzil  to  phenanthrenequinone  also  falls  in  this 
category. 

CO-CO  CO-CO 

<z5  — <z>+h- 

By  the  use  of  a  fused  mixture  of  sodium  chloride  and  aluminum 
chloride  it  has  been  possible  to  accomplish  aroylation  and  ring  closure 
in  one  step.  The  following  synthesis  of  methylpyranthrone  is  illustrative. 
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CHAPTER  XIII 


SUBSTITUTION  IN  THE  AROMATIC  SERIES 


As  has  been  indicated  (p.  3),  the  substituents  which  are  commonly 
found  on  the  benzene  ring  can  be  arranged  in  a  series  according  to  their 
relative  capacities  for  releasing  electrons  to  the  ring  or  withdrawing 
them  from  it.  Those  which  donate  electrons  to  the  ring  are  ortho, para- 
directing  and  generally  sensitize  the  ring  to  attack  by  electrophilic  re¬ 
agents.  Substituents  which  withdraw  electrons  direct  the  entering  sub¬ 
stituent  predominantly  to  the  meta  position  and  desensitize  the  ring. 
The  influence  of  electron-releasing  substituents  on  the  one  hand  and  of 
electron-attracting  substituents  on  the  other  is  especially  clear  in  the 
case  of  substituents  which  are  in  resonance  with  the  ring.  Aniline  and 
nitrobenzene  may  be  taken  as  examples. 

Aniline  can  be  written  in  five  ways— the  two  Kekule  structures  and 
three  secondary  structures  in  which  two  of  the  electron  pairs  of  the 
nitrogen  atom  are  shared  with  the  attached  carbon  atom  (Gilman  I,  208). 
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It  will  be  recalled  that,  according  to  the  principle  of  resonance,  although 
none  of  these  structures  exists  separately,  the  compound  will  exhibit 
characteristics  of  each  of  them.  The  chemical  reactions  of  such  a  res¬ 
onance  hybrid  are  best  explained  by  reference  to  the  individual  struc¬ 
tures,  which  correspond  not  to  the  permanent  state  of  the  molecule  but 
to  a  condition  resulting  from  the  demand  of  an  approaching  reagent. 
Thus  the  molecule  may  be  said  to  possess  a  particular  structure  only  at 
the  instant  of  reaction,  i.e.,  at  the  moment  that  the  hybrid  is  destroyed. 

The  geometry  of  the  aniline  molecule  is  such  that,  when  the  unshared 
electron  pair  on  the  nitrogen  atom  is  utilized  to  bond  the  nitrogen 
doubly  to  the  carbon  atom  of  the  ring,  points  of  high  electron  density 
must  be  developed  in  the  ortho  and  para  positions. 

In  nitrobenzene  the  electron  withdrawal  likewise  affects  the  ortho  and 
para  positions  but  in  the  opposite  sense;  they  become  electron  poor. 
The  meta  positions,  being  little  affected,  are  therefore  richer  in  electrons 
than  the  ortho  and  para  positions.  Consequently,  electrophilic  substi¬ 
tution  occurs  more  readily  in  the  meta  positions. 
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Phenol  can  be  represented  by  resonance  structures  similar  to  those 
indicated  for  aniline  and  nitrobenzene. 
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he  phenoxide  ion  can  be  described  similarly.  It  is  to  be  ^ 

■er  that  formation  of  the  secondary  structures  of  phenol,  ike  those  ot 
liline  and  nitrobenzene,  involves  a  separation  of  charges,  whereas  hose 
■  the  nhcnoxide  ion  do  not.  To  this  circumstance  is  ascribed  the  tend 
mv  of  the  phenoxide  ion  to  be  formed  by  dissociation  of  the  phenol, 
appears,  then,  that  the  reason  why  phenols  are  acidic  whereas  alcoho 
not  is  that  the  phenoxide  ion  is  stabilized  by  resonance,  thus  favor 

tg  dissociation. 
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Halogen  atoms  are  ortho, para- directing  but  differ  from  the  other 
substituents  of  this  category  in  that  they  stabilize  rather  than  sensitize 
the  ring  toward  electrophilic  reagents.  From  the  following  resonance 
structures  it  is  to  be  expected  that  chlorobenzene,  for  example,  would 
undergo  substitution  in  the  ortho  and  para  positions. 


©  ©  © 


iCl 

1 

iCl 

iCli 

iCl 

iCli 

A 

II 

A 

i  i 

A 

ii 

A 

i — » 

I 

i — y 

i — y 

i — y 

| 

A 

V 

A 

\/ 

The  fact  that  the  chlorine  atom  desensitizes  the  ring  must  mean, 
therefore,  that  the  contribution  of  the  secondary  structures  responsible 
for  its  ortho, para- directing  power  is  so  slight  as  to  be  overshadowed  by 
the  considerable  withdrawal  of  electrons  to  be  ascribed  to  the  Kekule 
structures. 

It  will  be  helpful  to  compare  mechanisms  that  have  been  proposed  for 
certain  reactions  of  olefinic  and  aromatic  compounds.  The  addition  of 
bromine  to  an  olefin,  for  example,  has  been  pictured  as  follows  (p.  48). 


Br<; 


Br+  +  Br' 


RCH 


RCH 


+  Br+ 
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RCHBr 

RCHBr 


Benzene,  on  the  other  hand,  is  believed  to  react  in  the  following  manner. 


Jas^B^rSnste  “term^iate  does  not  «**pt  the  anion  (in  this 
)  but  instead  expels  a  proton.  This  is  perhaps  the  most  impor- 
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tant  difference  between  aliphatic  and  aromatic  double  bonds.  This 
mechanism  also  explains  the  function  of  the  carrier ;  it  serves  to  generate 
the  active  halogenating  agent  which,  in  the  case  of  chlorination  in  the 
presence  of  iron,  is  Cl+. 

Cl2  +  FeCl3  - ►  C1+  +  FeCl4“ 

The  substitution  reaction  then  becomes 
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It  is  possible  to  explain  nitration  and  sulfonation  by  similar  mech¬ 
anisms.  These  acids  must  first  react  as  follows. 

H+  +  H0N02  - >  N02+  +  H20 

H+  +  H0S020H  - ►  S020H  +  +  H20 

The  electron-deficient  cations  may  be  supposed  to  react  by  coordinating 
with  an  electron  pair  in  the  benzene  molecule. 
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Orientation  of  Substituents 

From  the  examples  that  have  been  discussed  it  is  clear  that  the  posi¬ 
tion  to  be  taken  by  an  entering  substituent  .sgovernedby^seahea  ^ 

present  For  most  purposes  the  following  rule  is  sufficient  pie 
the  orientation  of  a  disubstituted  benzene  derivative. 

If  the  atom  attached  to  the  aromatic  nucleus  is  joined to  so“® 
other  atom  by  a  double,  triple,  or  coordinate  covalent  linkage, 
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next  entering  group  takes  the  meta  position ;  otherwise  it  takes  an 

ortho  or  para  position. 

From  this  rule  it  follows  that  -NO2,  -CO-,  -CO2H,  -CHO,  -SO3H,  and 
-CN  are  mefa-orienting  groups.  On  the  other  hand  the  — NH2,  — NHR, 
-NR2,  -OH,  -OR,  -CH3,  and  -C2H5  groups  as  well  as  the  halogens  orient 

ortho-para . 

There  are  some  exceptions,  however.  The  groups  -N=N-  and 
-CH=CHC02H  orient  predominantly  ortho-para,  and  -CC13  orients 
chiefly  meta.  Also,  in  the  presence  of  concentrated  sulfuric  acid  the 
amino  group  becomes  entirely  rae£a-directing.  The  rule  is  at  best  only 
an  approximation.  Moreover,  in  most  substitution  reactions  the  ex¬ 
pected  compound  or  compounds  are  accompanied  by  small  amounts  of 
isomers  (CR  14,  55). 

Many  attempts  have  been  made  to  formulate  an  exact  rule  of  orienta¬ 
tion.  Perhaps  the  most  accurate  is  that  of  Hammick  and  Illingworth,1 
sometimes  called  the  “XY  rule.”  This  rule  states  that  if,  in  a  benzene 
derivative  C6H5XY,  Y  is  in  a  higher  group  (to  the  right  of)  in  the 
periodic  table  than  X,  or  if,  being  in  the  same  group,  Y  is  of  lower 
atomic  weight  than  X,  the  group  XY  is  raefa-directing,  whereas  in 
other  cases  [including  those  in  which  (a)  X  =  Y  and  (5)  Y  is  absent]  the 
direction  is  of  the  ortho-para  type.  It  must  be  added  that  a  positive  or 
negative  charge  on  XY  will  cause  the  orientation  to  be  meta  or  ortho¬ 
para,  respectively. 

The  use  of  this  rule  may  be  illustrated  by  the  following  examples. 


Meta-directing  groups 

C6H5NO2  O(Y)  to  the  right  of  N(X) 

C6HbS03H  O(Y)  in  same  group  as  S(X)  but  of 

lower  atomic  weight 
C6H5CN  N(Y)  to  right  of  C(X) 


Ortho, para-directing  groups 
CeH5OH  H(Y)  to  left  of  O(X) 

C6H5OCH3  C(Y)  to  left  of  O(X) 

CgHsCl  Y  absent 


A  perplexing  exception  to  Hammick  and  Illingworth’s  rule  is  nitro- 

so  enzene.  It  yields  ortho  and  para  bromo  derivatives  when  brominated 
in  carbon  disulfide  at  —5°. 


wheretn^hTn!1^  ^  Str°ngly  wefewlirec^  groups  are  those 
e  n  the  positive  poles  are  attached  directly  to  the  benzene  ring 

'  Hammick  and  Illingworth,  J.  Chem.  Soc.,  2358  (1930). 
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(AR  1926,  129).  The  following  compounds,  for  example,  yield  almost 
exclusively  meta  nitro  derivatives. 

[C6H5N(CH3)3]+  no3- 

[C6H5IC6H5]+  no3- 

[(C6H5)3Sb]++  2N03- 

[C6H5PbC6H5]++  2N03“ 


Nitration  of  p-cresol  and  p-tolyl  carbonate  in  the  presence  of  sulfuric 
acid  shows  that  the  amount  of  meta  nitro  derivatives  increases  with  in¬ 
crease  in  concentration  of  the  acid,  i.e.,  with  the  amount  of  oxonium 
compound  formed.  By  adjustment  of  the  conditions  ra-nitro-p-tolyl 
carbonate  can  be  made  in  yields  above  60%. 2 

The  relative  amounts  of  ortho,  meta,  and  para  isomers  depend  to  a 
small  degree  on  temperature,  solvent,  and  the  reagents  involved.  The 
following  table  shows  the  influence  of  temperature  on  the  nitration  of 
toluene  with  a  mixture  of  nitric  and  sulfuric  acids  (CR  14,  74). 
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If  the  nitration  is  carried  out  with  pure  nitric  acid,  a  66%  yield  of 
p-nitrotoluene  results;  if  with  acetyl  nitrate,  an  88%  yield  of  o-nitro- 

toluene  is  obtained. 

Catalysts  also  influence  the  results,  as  shown  by  the  following  table 
listing  the  amounts  of  isomers  obtained  in  the  bromination  of  bromo- 

benzene. 

Catalyst  Ortho  Meta  Para 

AlCls  8.3  30.1  61.6 

FeBr3  13.1  1-8  85.1 

A  valuable  tool  in  the  determination  of  the  structure  of  aromatic 
compounds  is  the  dipole  moment.  It  is  defined  as  the  product  of  the 
electrical  charges  associated  with  a  bond  and  the  distance  between  the 
points  at  which  the  charges  may  be  considered  localized,  and  usually 
determined  by  measurement  of  the  dielectric  constant.  The  magnitude 
of  the  dipole  moment  is  a  measure  of  the  electrical  asymmetry  of  a 

2  Lucas  and  Liu,  J.  Am.  Chem.  Sac.,  56,  1271  (1933). 
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molecule.  Compounds  such  as  ethane,  ethylene,  and  cyclopropane  are 
electrically  balanced.  In  general,  such  compounds  have  zero  moment 
whereas  substances  that  are  polar  possess  definite  moments,  and  the 
greater  the  degree  of  polarity  the  gieatei  the  moment. 

The  following  are  examples  of  compounds  having  zero  moments. 


Cl<^  ^>C1 

no2^  ^no 

BiA^NBr 

ch3/\ch3 

A 

Br 

A 

ch3 

AA/Ap 

no2 

A/v 

CIAv^ 

AA 

no2 

< 

X 

3x 

The  fact  that  the  dichloro  and  dinitro  derivatives  of  naphthalene 
have  zero  moments  demonstrates  the  symmetry  of  the  naphthalene 
nucleus.  The  zero  moment  of  4,4'-dihalobiphenyls  shows  that  the  two 
benzene  rings  in  these  molecules  are  coaxial. 

Attempts  have  been  made  to  explain  the  orientation  in  terms  of  the 
electrostatic  effects  of  the  substituents.  Thus  a  negative  substituent 
would  be  expected  to  repel  the  adjacent  mobile  pair  of  electrons  of  the 
ring  toward  the  ortlio  position,  whereas  a  positive  substituent  would 
exert  the  opposite  effect. 


X 

i  + 

A\_ 


+v+ 

.o,p-Directing 


+ 


T 

Y 

A 


+ 


4- 

m-Directing 


Many  rules  of  orientation,  such  as  that  of  Hammick  and  Illingworth 
are  in  fact  empirical  approximations  of  the  polarity  of  the  atom  attached 
directly  to  the  aromatic  ring.  Thi.  »  ,bo„„  i„  X 
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Relative  Polarizing  Influence  of  Various  Substituents  on  an  Adjacent 
Bond  Compared  with  Their  Orienting  Influence  (CR  29,  37) 


Substituent 

Charge  on 
a-atom 

Polarizing 
force  on 
electrons 

%  Meta 
substitution 

nh2 

-0.55 

-6.3 

OH 

-0.44 

-6.2 

3 

Cl 

-0.20 

-3.0 

Br 

-0.19 

-2.4 

ch3 

-0.18 

-1.7 

4 

H 

0.06 

2.0 

(40)  * 

so3h 

0.54 

4.0 

72 

CC13 

0.30 

4.1 

64 

co2h 

0.53 

5.5 

82 

C=N 

0.66 

7.9 

80 

no2 

0.79 

9.7 

93 

nh3+ 

0.19 

10.8 

100 

*  Of  the  five  remaining  positions  on  the  ring  two  are  in  positions  rneta  to  the  first; 
hence  the  amount  of  meta  substitution  would  be  40%. 


The  observation  that  para  substitution  predominates  over  ortho  sub¬ 
stitution,  in  spite  of  the  fact  that  there  are  two  ortho  positions  to  one 
para  position,  has  been  ascribed  to  the  shielding  of  the  ortho  positions 
by  the  substituent  initially  present.  Another  explanation  is  based  on 
the  postulate  that  the  point  of  attack  depends  on  the  energy  content  of 
the  intermediates  through  which  the  reaction  progresses.  It  is  proposed 
that  intermediates  of  types  I  and  II  are  involved,  respectively,  in  ortho 


and  para  substitution.3 


/X 

H 


R 


i  + 


/\ 

H  X 


I 


II 


In  these  formulas  R  represents  the  original  substituent  and  X  the  enter¬ 
ing  substituent.  It  is  known  from  their  oxidation-reduction  potentia  s 
(p  496)  that  p-quinone  has  a  lower  energy  content  than  o-quinone,  and 
it  is  argued  that  para  substitution  is  favored  because  the  p-quinoic 
complex  is  more  readily  formed  than  the  corresponding  ortho  com¬ 
plex. 

3  Waters,  J.  Chem.  Soc.,  727  (1948). 
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Ease  of  Substitution 

From  what  has  been  said  it  is  clear  that  ortho, para- orienting  groups 
promote  substitution  by  electrophilic  attack  \\  heieas  wcCa-orientmg 
groups  hinder  it;  i.e.,  ortho-para  substitution  is  easier  than  meta.  Also, 
the  orienting  influence  of  an  ortho, para- directing  group  is  greater  than 
that  of  a  raefo-directing  group.  Phenol,  for  example,  is  brominated 
rapidly  at  0°  without  a  catalyst  to  give  chiefly  p-bromophenol.  The 
yield  of  this  isomer  is  84%  (OS  I,  128),  o-bromophenol  being  formed  to 
the  extent  of  only  9.3%  even  at  90°.  On  the  other  hand,  the  bromination 
of  nitrobenzene  requires  a  high  temperature  and  must  be  catalyzed;  in 
the  presence  of  ferric  bromide  and  at  a  temperature  of  135-145°  ra-bro- 
monitrobenzene  is  obtained  in  a  75%  yield  (OS  I,  123).  When  more 
than  one  group  is  already  on  the  ring,  the  effects  are  roughly  additive. 

As  has  been  mentioned,  the  halogens  occupy  a  unique  position.  They 
resemble  weCa-directing  groups  in  that  they  stabilize  the  ring  against 
further  electrophilic  attack  and  yet  are  ortho, para-directing.  This  in¬ 
fluence  is  demonstrated  by  the  fact  that  in  the  halogenation  and  nitra¬ 
tion  of  4-halobiphenyls  substitution  occurs  in  the  unsubstituted  ring. 
It  accounts  also  for  the  observation  that  the  chlorination  of  benzene 
can  be  conducted  so  as  to  yield  chiefly  chlorobenzene  and  only  small 
amounts  of  the  dichlorobenzenes. 

Attempts  to  determine  the  relative  orienting  power  of  substituents 
have  been  made  by  competition  experiments.  Thus  nitration  of  p-chlo- 
rotoluene,  p-bromotoluene,  p-bromochlorobenzene,  and  4-bromo-4'- 
chlorobiphenyl  leads  to  the  following  results.4 5 

clO<Z> 

38.5%  61.5% 


In  the  chlorination  of  p-chlorotoluene  at  20-40°,  58%  of  the  suhstitn 
tion  occnrs  ortho  to  the  methyl  radical  and  42%  ortho  to  the  chlorine 

It  has  been  demonstrated,  however,  that  two  substituents  interact  in 

"h  *  z!  r 10  *lur  .hu. 

extent  the  foregoing  results  as  criteria  of  relative  orienting  powers. 

4  Shaw  and  Turner,  J .  Chem.  Soc.,  1884  Cl 932) 

5  Wahl,  Compt,  rend.,  202,  2161  (1936). 
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In  the  following  molecules  the  position  most  likely  to  be  taken  by  an 
entering  substituent  is  marked  with  an  asterisk. 


Br 

1 

Cl 

Cl 

Ano2 

AcH3 

*A 

A 

k/ 

KJ 

VNH2 

k/* 

* 

ch3 

A 


>C1 


A  % 


>NOr 


OH 

no2 

CHO 

^\* 

A 

V 

k/* 

k/* 

ch3 

ch3 

ch3 

ch=chco2h 

N(CH3)3+ 

cr 

ch3 


* 


V* 


Br 

^\oH 

^OCH, 


/\/\ 


w 

*  no2 

CC13 


/NoCOCH; 

^OCHs 


Hydroxyl  groups  have  a  much  more  powerful  directive  influence  than 
methoxyl  groups.  Acetoxyl  groups,  in  turn,  are  less  powerful  than 
methoxyl  groups.  Thus  guaiacol  when  brominated  yields  4-bromo-2- 
methoxyphenol  (I),  whereas  its  acetyl  derivative  gives  the  correspond¬ 
ing  5-bromo  derivative  (II).6 


/\oH 


Br 


OCH3 


Br/\oCOCH3 

^/OCH3 

II 


Effects  of  Substituents  on  One  Another 

Substituents  that  withdraw  electrons  from  the  benzene  ring  may 
cause  profound  changes  in  the  reactivity  of  other  substituents  on  the 
ring  Electron  impoverishment  of  the  ring  diminishes  its  power  0  0 

substituents  It  is  well  known,  for  example,  that  various  nitration 
products  of  chlorobenzene  and  aniline  are  readily  hydrolyzed  to  the  cor- 

6  Weizmann  and  Haskelberg,  J.  Org.  Chem.,  9,  121  (1944). 
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responding  phenolic  compounds.  Activated  nitro  groups  may  be  re¬ 
placed  in  a  similar  way.  In  the  following  molecules  the  most  labile 
substituents  are  indicated  by  asterisks. 

CH3 

/\N02 


Cl* 

/NnO- 


^N02* 

NO, 


NH2* 

/Nno 


NO, 


no2 


Although  labilizing  effects  of  such  groups  as  nitro  are  most  pronounced 
at  the  ortho  and  para  positions,  they  occur  also  at  the  meta  positions  and 
become  important  in  compounds  in  which  electron  withdrawal  is  ex¬ 
treme.  Thus  1,3,5-trinitrobenzene  suffers  replacement  of  a  nitro  group 
by  methoxyl  when  heated  with  sodium  methoxide,  yielding  3,5-dinitro- 
anisole  (OS  I,  219;  77%). 


N02 


NO, 


och3 


\/ 


■T  CH3ONa  - ^ 

no2  no2 


V 


NO, 


-f-  NaN02 


Ring  impoverishment  causes  electron  withdrawal  from  hydroxyl 
groups,  rendering  them  more  acidic.  Thus,  as  noted  earlier  (p.  78), 
o-  and  p-nitrophenols  are  stronger  acids  than  phenol,  the  effect  being 
extreme  in  picric  acid,  in  which  the  three  nitro  groups  are  correctly 
placed  to  effect  a  maximum  electron  deficiency  at  the  oxygen  atom  of 
the  hydroxyl  group. 

Electron  removal  from  an  amino  group  renders  it  less  basic;  conse¬ 
quently  anilines  that  have  meta-directing  groups  in  ortho  or  para  posi¬ 
tions  are  less  basic  than  aniline.  That  the  nitroso  group  is  really  meta - 
directing  is  clear  from  the  fact  that  o-  and  p-bromonitrosobenzenes,  but 

not  the  meta  isomer,  give  silver  bromide  when  shaken  with  silver  nitrate 
(AR  1930,  130). 

The  powerful  influence  exerted  by  the  nitroso  group  makes  possible 
the  hydrolysis  of  p-nitroso  dialkylanilines,  thus  providing  a  useful  syn¬ 
thetic  route  to  secondary  aliphatic  amines.  Dimethylamine,  uncon- 

laminated  with  methylaraine  or  trimethylamine,  is  obtained  from 
dimethylanihne  in  this  way. 


N(CH3)2 


V 


N(CH3)2 


V 

NO 


(CH3)2NH  + 


OH 


NO 
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Another  example  is  the  synthesis  of  piperazine  from  ethylene  bromide 
and  aniline  by  way  of  N,N'-diphenylpiperazine. 

/CH2CH2x 

2CcH5NH2  +  2BrCH2CH2Br  - ►  C6H5N  NC6H5  - 1 

nCH2CH/ 

a - V  /CH2CH2n  . - . 

no/  >N  N<f  >NO  - 1 

VCH2CH/ 


/CH2CH2v  ^ 

HN  NH  +  2H0  / 

x:n2cii-,/ 


/no 


An  empirical  rule  developed  by  Angeli  has  been  useful  in  correlating 
effects  of  this  category.  It  states  that  substituents  that  are  situated 
ortho  or  para  to  each  other  behave  qualitatively  as  though  they  were 


A 

A 

joined  directly.  That  is,  A  and  B  in 

A 

B 

and 

A 

\/ 

\/ 

B 

may  be  expected 


to  behave  as  they  do  in  AB.  This  rule  has  proved  to  be  helpful  in  con¬ 
nection  with  the  behavior  of  certain  halogen  derivatives  of  anilines.  A 
halogen  atom  in  an  ortho  or  para  position  would  be  expected  to  be  posi¬ 
tive  (p.  39),  as  it  is  when  joined  directly  to  nitrogen.  It  was  found,  for 
example,  that  when  p-bromoaniline  is  heated  at  150  with  hydiobromic 
acid,  considerable  amounts  of  aniline  and  2,4-dibromoaniline  are 

formed.7 

The  reactivity  of  the  chlorine  atom  in  o-  or  p-chloronitrobenzene  is 
related  in  a  similar  way  to  its  behavior  in  nitryl  chloride,  C1N02. 


Separation  of  Ortho  and  Para  Isomers 

From  a  practical  standpoint  many  substitution  reactions  are  objec- 
tionable  because  they  often  give  mixtures  of  ortho  and  para  isomers 
which  frequently  are  hard  to  separate.  As  a  consequence,  neither  can 
be  obtained  in  high  yield.  In  the  majority  of  instances  the  boiling  points 
of  the  ortho  and  para  isomers  lie  close  together,  the  orbo  compound  hav¬ 
ing  the  lower  boiling  point.  Separation  by  distillation  is,  therefore, 
difficult.  However,  the  melting  point  of  the  para  isomer  >s  generally 
much  higher  than  that  of  the  ortho  derivative  because  of  the  great 
degree  of  symmetry  in  the  molecule.  It  often  happens  that  the  pa,  a 

7  Baltzly  and  Buck,  J.  Am.  Chem.  Soc.,  63,  1757  (1941). 
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compound  crystallizes  and  can  be  separated  from  the  liquid  ortho  isomei 
by  filtration.  The  following  table  illustrates  these  points. 


Boiling  Points  and  Melting  Points  of  Some  Ortho  and  Para  Disubstituted 

Benzene  Derivatives 

i 

Ortho  Para 


C 


Substituents 

b.p. 

m.p. 

b.p. 

m.p. 

CH3,  Cl 

159° 

1 

CO 

O 

162° 

7.5 

CH3,  Br 

182 

-28 

185 

28.5 

ch3,  no2 

224 

-11 

238 

54 

-  4 

ch3,  nh2 

200 

-16 

200 

45 

ch3,  OH 

191 

31 

202 

36 

OH,  Cl 

17G 

7 

217 

37 

OH,  Br 

195 

5.6 

238 

63.5 

OH,  N02 

214 

45 

279  d. 

114 

no2,  Cl 

24G 

33 

242 

84 

N02,  Br 

261 

43 

259 

127 

CH30,  Cl 

195 

.... 

200 

CH30,  Br 

221 

223 

13 

ch3o,  no2 

265 

9 

258 

54 

Chemical  means  also  can  be  employed  to  effect  the  separation  of 
isomers.  Dilution  of  the  mixture  obtained  in  the  nitration  of  aniline 
causes  hydrolysis  of  the  o-nitroaniline  sulfate  and  liberation  of  the 
weakly  basic  amine.  If  this  isomer  is  removed  by  filtration  and  the  fil- 
tiate  treated  with  soda,  in  small  portions,  the  para  isomer  can  be  iso¬ 
lated.  The  meta  isomer,  being  most  basic  of  the  three,  is  left  in  solution 

m  the  form  of  its  sulfate  and  can  be  obtained  by  neutralization  of  the 
solution. 


Acidic  compounds  can  be  separated  in  a  similar  way.  Thus,  in  the 
preparation  of  saccharin,  a  mixture  of  o-  and  p-toluenesulfonamides  is 
separated  by  incompletely  acidifying  a  solution  of  their  sodium  salts 
1  he  ortho  isomer,  being  the  less  acidic,  separates  first. 

Chelation.  As  the  preceding  table  shows,  o-chlorophenol,  o-bromo- 

compounds  bo1'  “uch  lower  th®  the  corresponding  para 

compounds.  There  are  many  other  cases  of  this  sort  in  which  the  boil 

mg  points  are  sufficiently  far  apart  to  permit  separation  by  fractional 
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gen  bonding  (p.  79).  Such  coordination,  in  substances  that  contain  a 
donor  and  an  acceptor,  leads  to  the  formation  of  rings  known  as  chelate 
rings.  Phenols  which  contain  ortho  substituents  capable  of  acting  as 
donors  are  more  volatile  and  more  soluble  in  organic  solvents  than  are 
their  meta  and  para  isomers;  the  meta  and  para  compounds  are  asso¬ 
ciated  intermolecularly.  This  accounts  for  the  observation  that  separa¬ 
tion  by  steam  distillation  usually  is  possible.  Examples  are  salicylalde- 
liyde  and  o-nitrophenol. 


H 

^/c\ 


0 

H 


V\0/ 


Salicylaldehyde 


o 


^\/N\0 


/H 

0/ 

o-Nitrophenol 


The  action  of  mordants  is  due  to  the  formation  of  chelate  rings.  In 
the  anthraquinone  series  it  is  found  that  there  must  be  a  hydroxyl  group 
in  one  of  the  alpha  positions  so  as  to  permit  chelation  with  the  metal. 


All  alizarin  dyes  are  derivatives  of  1  -hy d r oxy an thr aqu inone . 

Among  azo  dyes  there  is  an  established  principle  that  all  mordant 
dyes  belong  to  one  or  the  other  of  the  following  classes. 


.A ✓' 


w 


M 

t 

NAr 


,0— M 


ArN  =  N- 


C 


\ 


o 


OH 


Halogenation 

Bromination.  The  conditions  required  for  bromination  vary  widely, 
as  is  shown  by  the  following  examples.  Benzene  reacts  readily  wi  1 
bromine  in  the  presence  of  a  carrier,  such  as  feme  bromide  to  yield 
bromobenzene,  p-dibromobenzene  being  formed  as  a  by-product.  A  y 
groups  release  electrons  to  the  ring,  making  it  more  sensitive,  toluene 
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is  more  reactive  than  benzene,  and  the  xylenes  are  more  reactive  than 
toluene.  4-Bromo-o-xylene  is  produced  in  a  97%  yield  by  bromination 
of  o-xylene  at  0°  to  —5°  in  the  presence  of  iron  (OS  28,  22). 


%ch3 

VCH3 


+  Br2 


+  HBr 


Mesit}4ene  is  so  reactive  that  no  carrier  is  needed,  bromomesitylene 
being  formed  rapidly  at  10°.  The  yield  is  82%  (OS  II,  95).  There  is 
some  substitution  in  the  side  chains  under  these  conditions. 

Naphthalene  can  be  brominated  readily  at  steam-bath  temperatures 
and  without  a  catalyst,  1-bromonaphthalene  being  produced.  2-Bromo 
naphthalene  is  not  prepared  by  bromination  of  naphthalene.  The  9  and 
10  positions  in  anthracene  are  very  reactive,  9,10-dibromoanthracene 
being  formed  readily  in  the  cold  and  without  a  catalyst  (OS  I,  207 ;  88% 
yield). 

The  reaction  of  bromine  with  phenanthrene,  when  allowed  to  occur  in 
the  cold  and  without  a  catalyst,  produces  the  addition  compound, 
9 , 1 0-phenan threne  dibromide . 


If  the  reaction  is  conducted  in  the  presence  of  a  catalyst  or  at  higher 
temperatures  (OS  28,  19),  however,  substitution  takes  place,  the  product 
being  9-bromophenanthrene.  A  study  of  these  reactions  indicated  that 
the  dibromide  forms  reversibly  and  is  not  an  intermediate  in  the  sub¬ 
stitution  reaction  (CR  29,  37). 

,  The  bromination  of  anilines  is  so  rapid  as  to  be  difficult  to  control. 
1  ribromoaniline,  however,  can  be  made  from  aniline  in  this  way  (OS  II, 
592).  This  difficulty  can  be  obviated  by  first  acetylating  the  amine’; 
the  resulting  acetanilide  reacts  with  bromine  much  more  slowly  than 
does  the  aniline  itself.  For  example,  the  monobromo  derivative  of 
/i-toluidine  is  made  by  brominating  p-acetotoluide  at  50-55°  and  then 
removing  the  acetyl  group  by  hydrolysis.  It  is  to  be  noted  that  the 
ace  amino  group,  although  it  has  a  much  less  powerful  directive  influ¬ 
ence  than  has  the  ammo  group,  nevertheless  is  able  to  determine  the 
position  taken  by  the  entering  substituent. 

As  has  been  indicated  (p.  281),  phenol  undergoes  bromination  with 
Very  great  ease,  carbon  disulfide  serving  as  the  solvent.  Glacial  acetic 

TO  I  °  ,  **4*r~***#m*  from 

I  tnoi  11,  1,3).  The  yield  is  nearly  quantitative. 
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OH 


no2 


OH 

Brr^\ 


+  2Br2 


Br 


+  2HBr 


NO- 


When  2-naphthol  is  brominated,  the  first  bromine  atom  enters  posi¬ 
tion  1,  the  second  going  to  position  6.  If  it  is  remembered  that  phenols 
behave  as  enols,  tautomeric  with  ketones,  the  choice  of  position  6  be¬ 
comes  understandable.  In  the  keto  form  corresponding  to  2,6-naphtho¬ 
quinone  there  is  an  active  methylene  group  at  the  6  position. 


H 


Br 


+  Br- 


V\/so 

i 

Br 


W 

Br 


OH 


+  HBr 


If  tin  is  now  added  to  the  reaction  mixture,  the  bromine  atom  in  position 
1  can  be  removed  (OS  20,  18)  (p.  140),  as  would  be  predicted  on  the 
basis  of  Angeli’s  rule. 

Bromination  of  aromatic  rings  which  carry  side  chains  does  not 
always  proceed  normally.  Bromine  may  replace  an  alkyl  group  attached 
to  an  aromatic  ring.  Cumene,  for  example,  affords  a  good  yield  ol  hexa- 
bromobenzene  when  treated  with  bromine  in  the  presence  of  iion  povdei 
at  0°.  Replacement,  however,  occurs  only  if  the  group  is  secondary  or 
tertiary.  7i-Propylbenzene  yields  pentabromo-zi-pi  opylbenzene. 

Nuclear  bromination,  when  carried  out  at  high  temperatures  without 
a  carrier,  may  yield  a  preponderance  of  meta  derivatives.  Thus,  at 
55°  and  in  the  presence  of  ferric  bromide,  bromobenzene  yields  chiefly 
o-  and  p-dibromobenzenes,  vdiereas  with  pumice  at  500°  it  yields  56% 

of  the  meta  isomer.8 9 

The  relative  rates  of  bromination  of  monoalkvlbenzenes  have  been 
found  to  vary  with  the  number  of  hydrogen  atoms  on  the  a-caibon 
atom.  Toluene,  holding  three  a-hydrogen  atoms,  reacts  faster  than 
ethylbenzene,  which  has  only  two  such  hydrogen  atoms.  Similarly 
n-propylbenzene  undergoes  bromination  more  rapidly  than  isoprop}  - 
benzene;  and  (-butylbenzene,  which  lias  no  a-hydrogen  atoms  is  less 
reactive  than  isopropylbenzene.  These  results  are  in  accor  ''i  e 
predictions  based  on  the  theory  of  hyperconjugation  (p.  19).  Since  t 

8  Hennion  and  Anderson,  J.  Am.  Chem.Soc.  68,  424  t1^). 

9  Wibaut,  van  de  Lande,  and  Wallagh,  Rec.  trav.  c  im.}  , 
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concept  of  hyperconjugation  was  first  put  forward  by  Baker  and  Nathan, 

it  is  often  called  the  Baker-Nathan  effect.™ 

Chlorination.  Chlorination  of  benzene,  toluene,  naphthalene,  and 
other  hydrocarbons  is  carried  out  on  a  commercial  scale.  Benzene  is . 
converted  to  chlorobenzene  by  chlorinating  at  40°  in  an  iron  vessel. 
Naphthalene  is  much  more  readily  halogenated.  In  fact,  benzene  can 
be  employed  as  the  solvent  in  this  reaction.  A  yield  of  about  85%  of 
technical  1-chloronaphthalene  is  obtained. 

As  has  been  mentioned  (p.  277),  the  trichloromethyl  group  is  classed 
as  meta-directing.  An  interesting  example  is  the  chlorination  of  1,3- 
ta's(trichloromethyl)benzene  to  prepare  the  5-chloro  derivative  (I).11 


CC13 

A 

+  Clo 

^CC13 


CC13 


+  HC1 


The  use  of  sulfuryl  chloride  as  a  chlorinating  agent  has  already  been 
discussed  (p.  34).  For  chlorination  with  this  reagent  in  the  aromatic 
series  a  catalyst  is  generally  necessary,  a  mixture  of  sulfur  monochloride 
and  aluminum  chloride  being  particularly  effective.  A  chlorinating 
agent  composed  of  1%  of  this  catalyst  dissolved  in  sulfuryl  chloride 
chlorinates  benzene  rapidly  and  smoothly  in  the  cold. 


C6H6  +  S02C12  - >  C6H5C1  +  HC1  +  S02 


With  this  reagent  stepwise  chlorination  of  benzene  to  the  hexachloro 
derivative  occurs  under  comparatively  mild  conditions.  Similarly, 
toluene  affords  a  nearly  quantitative  yield  of  the  pentachloro  deriva¬ 
tive,  the  methyl  group  being  unattacked. 

Sulfuryl  chloride  chlorinates  phenols  in  about  the  same  way  as  does 
chlorine,  but  the  reactions  are  less  vigorous  and  more  easily  controlled 

Inlcthes®  reactions  appears  that  the  sulfuryl  chloride  dissociates  into 
sulfur  dioxide  and  chlorine.  This  suggestion  is  in  harmony  with  the 

observations  cited— that  chlorination  under  these  conditions  resembles 
chlorination  with  free  chlorine. 


.  I°dmatlon-  _  Direct  introduction  of  iodine  is  also  carried  out  frequently 
m  the  aromatic  series.  Nitric  acid,  mercuric  oxide,  ferric  chloride,  and 
ier  oxidizing  agents  have  been  employed.  For  example,  iodobenzene 


n  *'!'!  BerIiner’  J-  Am-  Ch em.  Soc.,  72,  222  (1950). 

Soc.,  70,  1317  0948)’.  H0'>bS’  K‘ttUa’  Rapoport’  Tarrant>  a"d  West,  J.  Am.  Chem. 
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is  made  in  an  87%  yield  by  allowing  benzene  to  react  with  iodine  in 
the  presence  of  nitric  acid  (OS  I,  323). 

HN03 

2CeH6  +  I2  +  [O]  - ►  2C6H5I  T  H20 

The  nitric  acid  oxidizes  hydrogen  iodide  to  iodine.  As  a  result  no 
iodine  is  lost  to  by-products. 

2-Iodothiophene  can  be  made  from  thiophene  in  a  similar  way, 
mercuric  oxide  (OS  II,  357)  serving  as  the  oxidizing  agent. 


+  2I2  +  HgO 


+  IIgl2  ~b  H20 


Similarly,  p-iodoaniline  is  formed  in  an  84%  yield  when  aniline 
reacts  with  iodine  in  the  presence  of  sodium  bicarbonate.  In  this  in¬ 
stance  the  molecule  is  sensitive  to  oxidizing  agents,  and  hydrogen  iodide 
is  removed  by  the  bicarbonate  (OS  II,  347). 


C6H5NH2  +  I2  +  NaHC03  - >  p-IC6H4NH2  +  Nal  +  H20  +  C02 


It  will  be  noted  that  in  this  procedure  only  half  of  the  iodine  is  used. 
The  remainder  of  the  iodine  may  be  recovered  by  adding  a  mixture  of 
sulfuric  acid  and  potassium  dichromate  to  the  filtrate  remaining  after 
the  removal  of  the  iodoaniline. 

Another  reagent  for  introducing  iodine  is  iodine  chloride,  which  is 
made  by  adding  chlorine  to  an  equimolecular  amount  of  iodine. 

I2  +  Cl2  - >  2IC1 


Iodine  chloride  reacts  with  p-nitroaniline  to  give  the  diiodo  derivative 
(OS  II,  196;  64%  yield).  The  chlorine  atom,  because  of  its  greater 
affinity  for  hydrogen,  is  eliminated  as  hydrogen  chloride.  Iodine,  the 
more  expensive  halogen,  is  utilized  completely. 


Similarly, 

yield). 


N02 


V 

nh2 


no2 


+  2IC1 


I 


s/1 

nh2 


+  2HC1 


salicylic  acid  yields  a  diiodo  derivative  (OS  II,  343;  92% 


/\co2h 


i/\co2h 


V 


OH 


+  2IC1 


V 

I 


OH 


+  2HC1 
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Anthranilic  acid  can  be  iodinated  in  this  way  to  give  5-iodoanthranilic 
acid  in  a  high  yield  (OS  II,  349). 


r^\C0 


>H 


i/\co2h 


NHs 


+  IC1 


NIL 


+  HC1 


An  unusual  procedure  has  been  developed  for  the  iodination  of 
phthalic  anhydride.  The  halogenation  can  be  effected  in  the  presence 
of  sulfur  trioxide  to  yield  tetraiodophthalic  anhydride  (OS  27,  78;  82% 

yield).  T 

CO  X  /CO 

H2S04 

- > 


0  T  4SO3  T  2I2 


O  +  2H2S04  +  2S02 


I 


CO 


An  interesting  rearrangement  occurs  when  4-iodoresorcinol  dimethyl 
ether  is  treated  with  certain  acidic  catalysts,  notably  boron  fluoride. 
The  reaction  is  intermolecular,  one  molecule  iodinating  another. 


OCH3 

I 


OCH3 

i/\ 


A 

1 


OCH- 


OCH3 

A 

vJoch3 


It  is  to  be  remembered  that  when  a  hydroxyl  or  amino  group  is  present 
it  detei  mines  the  orientation  oi  the  derivative.  For  example,  halogena¬ 
tion  of  m-nitroaniline  gives  derivatives  (a,  b,  and  c)  in  which  halogen 
atoms  occupy  positions  ortho  and  para  to  the  amino  group.  The  meta- 
direeting  influence  of  the  nitro  group  is  so  small  in  comparison  that 
practically  none  of  the  1,3,5  derivative  (d)  is  formed. 


no3 

no2 

Ax 

A 

^nh2 

VNH2 

X 

a 

b 

no2 

no2 

xA 

A 

UNHa 

x%Jnh2 

c 

d 

The  most  common  solvents  for  halogenation  are  chloroform  and 
carbon  tetrachloride.  They  dissolve  the  halogens,  as  well  as  a  wide 
variety  of  organic  compounds,  but  only  small  amounts  of  the  halosren 

sis  “'ii°  '»«« ™  .it  s 
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Nitration 


Aromatic  compounds  are  usually  nitrated  by  treatment  with  a  mix¬ 
ture  of  concentrated  nitric  and  concentrated  sulfuric  acids.  Nitroben¬ 
zene  is  made  by  treating  benzene  with  this  mixture  at  temperatures  not 
above  60°.  A  second  nitro  group  can  be  introduced  by  nitration  of 
nitrobenzene  at  about  95°,  the  product  being  m-dinitrobenzene.  Tri¬ 
nitrobenzene  (TNB)  can  be  prepared  by  nitrating  m-dinitrobenzene 
but  only  with  great  difficulty.  TNB  is  prepared  commercially  from 
TNT  by  oxidation  to  trinitrobenzoic  acid  (OS  I,  543);  the  acid  readily 
loses  carbon  dioxide  and  yields  TNB  (OS  I,  541).  The  over-all  yield 
is  32%.  CH3  C(  )2h 

N02f%N02  (O)  no/Vo2  _Co2  N02/\N02 


%/ 

no2 

TNT 


(O) 

Na2Cr2C>7 

H2so4 


NO; 


N02 

TNB 


Polymethylbenzenes  are  nitrated  readily,  as  is  illustrated  by  the 
formation  of  nitromesitylene,  which  is  produced  in  a  76%  yield  by 
treating  mesitylene  with  fuming  nitric  acid  in  acetic  anhydride  at  tem¬ 
peratures  below  20°  (OS  II,  449).  Under  somewhat  similar  conditions 
durene  gives  dinitrodurene  (OS  II,  254;  94%  yield). 

N02 


cHs/Nch- 


CH; 


V 


CH; 


+  2HN03 


CH; 

CH; 


/\CH 


CH; 


-b  2H2O 


NO< 


This  nitration  is  of  unusual  interest  because  no  mono  nitration  product 
is  observed;  the  only  substances  to  be  isolated  are  the  dinitro  compound 

and  unchanged  durene.12 

Thiophene  can  be  nitrated  in  an  85%  yield  by  the  use  of  acetic  anhy¬ 
dride  and  fuming  nitric  acid,  the  product  being  2-mtrothiophene  (OS  II, 
466).  Nitration  of  fluorene  gives  2-nitrofluorene  (OS  II,  447),  which  in 
turn  yields  2,7-dinitrofluorene. 

^  ^\—/X  ^ — /v 


no2  no2 

n  Smith  and  Dobrovolny,  J.  Am.  Chem.  Soc.,  48,  1420  (1020). 


no2 
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Thus  it  appears  that  the  orientation  is  controlled  by  the  aryl  substituent 
rather  than  the  methylene  group.  Actually,  the  orientation  is  the  same 
as  that  of  fluorenone,  in  which  the  nitro  groups  enter  successively  the 
2,  7,  and  4  positions  (OS  28,  91).  The  yield  of  2,4,7-trinitrofluorenone 
is  94%. 

Nitration  of  Toluene.  Nitration  of  toluene  yields  a  mixture,  approxi¬ 
mately  96%  of  which  is  made  up  of  o-  and  p-nitrotoluenes,  the  meta 
isomer  being  formed  in  yields  of  about  4%.  Continued  nitration  trans¬ 
forms  the  ortho  and  para  isomers  into  a-TNT. 


CH, 


CH3 

no2 


V 


\  ch3 

N02  no2 


,  A/ 

ch3  /  no2 

N02  a-TNT 


V 

no2 


The  meta  isomer  gives  rise  to  two  other  trinitrotoluenes,  chief  of  which 
is  j8-TNT. 


CH3 

no2 
no2 


CIL 


CH3 


ch3 
no2 

no2 
no2 

ch3 


/3-TNT 


N02 


no5 


no2 
no2 

ch3 


7-TNT 


\y^o2 

no2 


V^NO 
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As  is  apparent  from  their  formulas,  both  (3-  and  7-TNT  possess  replace¬ 
able  nitro  groups.  TNT  is  freed  from  these  impurities  by  treatment 
with  a  warm  5%  solution  of  sodium  sulfite. 


CH3 

Ano. 


\/N02 
no2 
ch3 

AnNO, 


+  Na2S03  - ► 


ch3 

Ano, 


\/ 

no2 


S03Na 


T  NaN02 


NO, 


T  Na2S03  - ► 


ch3 

/\no, 


Na03S 


-f  NaN02 


NO 


NO, 


The  sulfonates  are  soluble  in  water  and  are  easily  removed. 

One  of  the  most  interesting  properties  of  a-TNT  is  the  reactivity  of 
the  methyl  group.  It  is  easily  oxidized  to  a  carboxyl  group  and  con¬ 
denses  with  benzaldehyde  to  give  2,4,6-trinitrostilbene  (p.  502). 

Nitration  of  m-Xylene.  m-Xylene  is  the  source  of  two  important 
trinitro  compounds,  one  of  which  is  trinitro-m-xylene  or  TNX,  usually 
made  by  a  three-stage  nitration  of  m-xylene.  The  nitration  proceeds 
even  more  readily  than  with  toluene. 

When  m-xylene  is  condensed  with  isobutylene  or  i-butyl  chloride, 


the  5-/-butyl  derivative  is  formed, 
duces  “xylene  musk.” 

CH3 

/\ 


(CH3)3C 


Nitration  of  this  hydrocarbon  pro- 
CH3 

no,/\no! 


V 


CH, 


(CH3)3C 


ch3 
no2 


Nitration  of  Naphthalene.  Naphthalene  is  more  readily  nitrated  than 
benzene  and  yields  1-nitronaphthalene.  Further  nitration  involves  the 
alpha  positions  of  the  unsubstituted  ring,  the  products  being  1,5-  and 
1 ,8-dinitronaphthalene.  The  attack  occurs  preferentially  at  the  8  posi¬ 
tion,  the  yield  of  the  1,8  isomer  being  about  double  that  ot  the  1,5  isomei . 
2-Nitronaphthalene  is  not  produced  by  nitration  of  naphthalene  and 

must  be  made  by  an  indirect  method  (p.  566). 

Nitration  of  Biphenyl.  The  phenyl  radical  is  ortho, para-directing,  as 
shown  by  the  nitration  of  biphenyl,  which  produces  chiefly  4-mtrobi- 
phenyl.  '  Further  nitration  yields  4,4'-dinitrobiphenyl  with  lesser 

amounts  of  the  2,4'  isomer. 
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Nitration  of  Chlorobenzene.  Chlorobenzene  undergoes  nitration  less 
readily  than  benzene,  the  product  consisting  of  about  70%  p-chloroni- 
trobenzene  and  30%  of  the  ortho  isomer.  If  suitable  amounts  of  nitric 
and  sulfuric  acids  are  employed,  chlorobenzene  can  be  converted  in  one 
operation  to  2,4-dinitrochlorobenzene.  Further  nitration  yields  picryl 
chloride,  but  the  process  is  expensive. 

Nitration  of  Aniline.  Aniline  may  be  nitrated  in  glacial  acetic  acid 
solution  or  by  the  use  of  mixtures  of  nitric  and  sulfuric  acids  which 
contain  no  large  excess  of  sulfuric  acid.  The  presence  of  nitrous  acid 
must  be  avoided,  since  it  attacks  the  amino  group.  A  mixture  of  o- 
and  p-nitroaniline  is  formed  initially;  further  reaction  converts  them  to 
dinitroanilines  and  finally  to  picramide. 

In  the  presence  of  large  amounts  of  sulfuric  acid  m-nitroaniline 
becomes  the  chief  product,  the  phenylammonium  ion  being  meta-direct¬ 
ing.  However,  m-nitroaniline  can  be  made  more  cheaply  by  reducing 
m-dinitrobenzene  with  sodium  sulfide  or  disulfide. 

m-Nitrodimethylaniline,  similarly,  has  been  produced  in  satisfactory 

(63%)  yields  by  the  nitration  of  dimethylaniline  in  concentrated  sulfuric 
acid  (OS  27,  62). 

Ammonolysis  of  the  corresponding  chlorides  (p.  119)  is  the  most 

satisfactory  procedure  for  making  o-  and  p-nitroanilines  and  2,4-dinitro- 
aniline. 


Sometimes  it  is  advisable  to  protect  the  amino  group  before  nitration. 

hus  aniline  is  acetylated,  and  the  resulting  acetyl  derivative,  acetani- 

hde,  is  nitrated.  If  the  nitration  is  carried  out  at  3-5°,  p-nitroacetani- 

hde  can  be  obtained  in  90%  yield.  Higher  temperatures  favor  the  forma- 

ion  of  the  ortho  isomer.  Also,  at  low  temperatures  hydrolysis  is  kept  at 

the  minimum.  It  is  to  be  remembered  that  anilines  that  have  one  or 

moie  m  .10  groups  in  ortho  or  para  positions  are  more  like  amides  than 

amines.  They  are  only  weakly  basic  and  are  readily  hydXed  to  he 
corresponding  phenols.  '  wolyzed  to  the 

2-Acetylaminonaphthalene  maybe  nitrated  successfully  by  treatment 
with  concentrated  nitric  acid  in  glacial  acetic  acid  solution  he 
perature  being  kept  below  40°  (OS  II  438)  Th  .  ,  ’  tem' 

amino-l-nitronaphthalene,  i,  «b,li„  j  in  49%  P”"“' 
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NHCOCH- 


no2 

x\/\ 
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+  hno3 


NHCOCH< 


+  H20 
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It  is  interesting  that  in  the  nitration  of  p-methoxy  acetanilide  the  orien¬ 
tation  is  determined  chiefly  by  the  acetamino  group  (OS  25,  78),  4-meth- 
oxy-2-nitroaeetanilide  being  the  principal  product  (79%). 


NHCOCH3 

A 

I  +  hno3 

A 

och3 


NHC0CH3 

AlN°2 

|  +h2o 

V- 

0CH3 


Tetryl,  an  important  high  explosive,  has  been  manufactured  by 
nitration  of  dimethylaniline,  the  following  steps  being  involved. 


N(CH3)2 


N(CH3)2 

AiN02 


CH3NH 
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X/ 
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Tetranitroaniline  or  TNA  is  made  by  nitration  of  ra-nitroaniline. 


NH2 


nh2 

no2X\no 


X/ 
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no2 
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A/ 
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OH 

no2[Ano2 

Uoh 

no2 

Styphnic  acid 


OH 


V 


OH 


Although  too  reactive  to  be  very  useful  as  an  explosive,  TNA  has  been 
studied  carefully  and  is  known  to  undergo  several  interesting  transfor¬ 
mations.  Since  both  the  amino  group  and  the  3-nitro  gioup  aie  re¬ 
placeable,  hydrolysis  and  ammonolysis  yield,  respectively,  styphnic 
acid  and  trinitro-m-phenylenediamine.  Styphnic  acid  is  usually  made 
by  the  nitration  of  resorcinol. 
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Nitration  of  Phenol.  Nitric  acid  attacks  phenol  violently,  yielding 
oxidation  products  as  well  as  nitro  derivatives.  Even  carefully  con¬ 
trolled  nitration  with  a  mixture  of  nitric  and  sulfuric  acids  does  not  give 
good  yields  of  nitrophenols.  A  better  process  is  hydrolysis  of  the  cor¬ 
responding  chloronitrobenzenes.  The  best  method  for  making  ,  - 
dinitrophenol,  for  example,  is  probably  hydrolysis  of  the  corresponding 
chloro  compound  (p.  117).  The  stabilizing  effect  of  the  nitro  group  in 
nitrophenols  makes  further  nitration  a  satisfactory  procedure. 

The  nitration  of  phenol  and  chlorobenzene  and  the  hydrolysis  of 
certain  of  the  chlorides  are  summarized  in  the  following  chart.  The 
long  arrows  represent  the  reactions  which  are  most  satisfactory. 
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Anomalous  Nitration  Reactions.  The  reversibility  of  the  alkylation 
of  aromatic  rings  by  the  Friedel-Crafts  method  (p.  316)  finds  an  inter¬ 
esting  counterpart  in  the  observation  that  side  chains  attached  to  highly 
reactive  nuclei  may  suffer  replacement  during  substitution  reactions. 
Perhaps  the  type  of  replacement  most  frequently  encountered  is  by  the 
nitro  group  (CR  40,  117). 

As  would  be  expected,  replacement  occurs  most  readily  when  the 
side  chain  is  attached  to  a  phenol  or  a  polyalkylbenzene.  An  example 
is  the  conversion  of  1,2,4,5-tetraisopropylbenzene  to  2,4,5-triisopropyl- 
nitiobenzene  by  treatment  with  nitric  acid  and  acetic  anhydride.1® 


(CH3)2CHrAcH(CH3)2 

(CH3)2CH^//lcH(CH3)2 


(CH3)2CH(AnO 


(CH3)2CH^v/ICH(CH3)2 

13  Newton,  J.  Am.  Chem.  Soc .,  65,  2434  (1943). 
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It  is  interesting  that  replacement  occurs  with  p-diisopropylbenzene 
but  not  with  the  meta  isomer,  in  which  the  two  side  chains  are  not  in  a 
position  to  exert  an  appreciable  influence  upon  each  other.  The  nitra¬ 
tion  product  of  the  para  isomer  was  found  to  consist  chiefly  of  I  and  II. 


CH(CH3)2 

CH(CH3) 

A 

no2 

A 

A/ 

k/ 

CH(CH3)2 

no2 

I  II 


An  example  from  the  phenol  group  is  the  conversion  of  thymol  to 
2,4,6-trinitro-m-cresol. 


CH(CH3)2 

no2 

^|OH 

/\oh 

V 

NOos^NO, 

ch3 

ch3 

It  is  a  general  rule  that  when  a  highly  substituted  benzene  nucleus  is 
nitrated,  the  group  meta  to  the  first  entering  group  is  eliminated  and 
replaced  by  another  nitro  group. 

The  rule  may  be  illustrated  by  the  nitration  of  III,  in  which  an  acetyl 
group  as  well  as  a  £-butyl  group  is  replaced. 


CH3 

/Nc(CH3): 


CH30^/ 

coch3 

III 


ch3 

N02/\C(CH3)3 

CHsO^ 

COCH3 

CH3 

N02Ac(CH3)3 


ch3o 


and 


no2 


ch3o^ 

COCH  3 


p-Cymene  undergoes  nitration  to  yield  chiefly  2-nitro-p-cymene  but 
a  small  amount  of  the  hydrocarbon  suffers  replacement  of  the  secondary 
alkyl  group,  yielding  p-nitrotoluene. 
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ch3 

A 

A 

CH(CH3)2 


ch3 

/\no2 

X/ 

CH(CH3)2 


and 


CH3 

A 

A 

no2 


The  yield  of  nitro  compounds  is  82%,  of  which  about  8%  is  the  toluene 
derivative  (OS  21,  96).  The  nitration  of  p-cymene  may  be  taken  as  an 
illustration  of  the  influence  of  hyperconjugation.  However,  since  the 
isopropyl  group  is  larger  than  the  methyl  group,  the  preferential  attack 
at  the  position  ortho  to  the  methyl  group  may  be  explained  also  as  a 
purely  steric  effect. 

Nitration  of  Carbonyl  Compounds.  The  introduction  of  nitro  groups 
into  aromatic  rings  that  carry  meta-directing  substituents  other  than 
nitro  has  been  accomplished  in  many  instances.  m-Nitrobenzoic  acid 
can  be  made  by  nitration  of  benzoic  acid  or  by  nitration  of  benzotri- 
chloride  followed  by  hydrolysis.  Direct  nitration  of  esters  is  possible 
also,  an  example  being  methyl  benzoate  (OS  I,  372). 


co2ch3  co2ch3 


A 

+  hno3 - > 

+  h2o 

X/ 

no2 

The  reaction  proceeds  smoothly  at  5-15°  to  give  methyl  m-nitrobenzoate 
in  an  85%  yield. 

It  is  noteworthy  that  with  phe^dacetic  acid  and  its  nitrile  (OS  I,  396) 
the  primary  nitration  products  are  the  para  isomers. 

In  the  preparation  of  3,5-dinitrobenzoic  acid  a  mixture  of  fuming 
nitric  and  concentrated  sulfuric  acids  is  employed.  The  reaction  begins 
at  moderate  temperatures  and  is  completed  at  145°  (OS  22  48-  60% 
yield).  ’  ’ 

Nitration  of  phthalic  anhydride  yields  a  mixture  of  3-  and  4-nitro- 
phthalic  anhydrides  (OS  I,  408). 


CO 


no2 


CO 


0 


V\ 


O  and 


/x  /CO 
No/y  \ 


CO 


o 


'CO 
3-Nitrophthalic 
anhydride 


'CO 
4-Nitrophthalic 
anhydride 


(0rr4thallmide’  4'nitr°Phthalimide  is  obtained  in  a  53%  yield 
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The  nitration  of  acetophenone  must  be  conducted  at  a  low  tempera¬ 
ture  (0-5°)  to  minimize  oxidation  (OS  II,  434). 


COCH3 


_^T  n  h2so4 

k/ 

COCH3 


NOs 


+  h20 


The  yield  of  m-nitroacetophenone  may  be  as  high  as  83%. 14  Even 
greater  care  must  be  exercised  in  the  nitration  of  benzaldehyde ;  the 
chief  product  is  ra-nitrobenzaldehyde  (OS  29,  72;  84%  yield). 


Nitrosation 


Nuclear  nitrosation  occurs  with  great  readiness  with  most  tertiary 
aromatic  amines,  the  product  being  the  para  derivative.  The  best 
known  example  is  p-nitrosodimethylaniline  (OS  I,  214),  which  serves 
industrially  as  a  raw  material  in  the  synthesis  of  certain  dyes. 

(CH3)2n/3  +  HONO  - *  (CH3)2N<Z>°  +  H2° 

p-Nitroso  derivatives  of  secondary  amines  can  be  made  by  allowing 
the  N-nitroso  derivative  to  stand  at  room  temperature  with  a  solution 
of  hydrogen  chloride  in  a  mixture  of  alcohol  and  ether.  Thus  the  nitros- 
amine  derived  from  methylaniline  yields  p-nitrosomethylaniline. 


CH3NNO 


CH3NH 

/\ 


NO 


This  type  of  change  has  been  called  the  Fischer-Hepp  rearrangement 
However,  it  is  believed  that  it  is  not  an  intramolecular  reaction  bu 
proceeds  in  two  steps,  the  first  of  which  is  the  hydrolysis  of  the  nitros- 
amine  to  methylaniline  and  nitrous  acid.  p-Nitrosation  then  occu  . 
Nitrosation  of  phenols  takes  place  readily,  as  is  illustrated  by  e 

p«p""  Wttrco.^n.phthol  (OS  1, 111);  th.  T*  . 

quantitative.  NO 

AAoh  AAoh 


+  hno2 


+  h2o 


14  Morgan  and  Watson,  /.  Chem.  Soc.  Ind.,  65,  29T  (1936). 
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SULFONATION 

These  reactions  illustrate  the  general  rule  that  nitrous  acid  attacks 
molecules  at  points  of  high  electron  density.  It  has  been  postulated 
that  the  attacking  species  is  NO+,  analogous  to  N02  m  nitration  reac- 

tions  (p.  276). 

Sulfonation 

Aromatic  compounds  may  be  sulfonated  by  treatment  with  sulfuric 
acid  or  oleum,  the  chief  use  being  in  the  preparation  of  intermediates 
for  dyestuffs.  A  particular  advantage  of  the  sulfonic  acid  (sulfo)  group 
is  its  property  of  conferring  increased  water  solubility  on  a  compound. 
This  property  facilitates  direct  application  of  such  compounds  or  their 
conversion  into  other  substances.  Among  the  latter  are  the  leactions 
which  lead  to  replacement  of  the  sulfo  group  by  -OH,  -N02,  -CN, 
and  -X.  The  production  of  phenol  by  hydrolysis  of  benzenesulfonic  acid 
is  still  important.15 

Sulfonation  differs  from  most  other  substitution  reactions  in  being 
reversible.  At  temperatures  between  100°  and  200°,  for  example, 
benzene  and  sulfuric  acid  reach  equilibrium  when  the  concentration  of 
the  sulfuric  acid  is  73%  (OR  3,  141).  In  order  to  obtain  sulfonation 
products  in  high  yields  it  is  necessary  to  remove  the  water.  This  can 
be  accomplished  by  evaporation  or  by  the  addition  of  sulfur  trioxide. 
Benzenedisulfonic  acid  is  formed  by  sulfonation  at  220-260°.  Vapor- 
phase  sulfonation  is  carried  out  industrially. 

Sulfonation  is  always  accompanied  by  sulfone  formation,  a  process 
which  is  favored  by  an  excess  of  the  hydrocarbon  or  aryl  halide.  Sul¬ 
fone  formation,  like  sulfonation,  is  reversible.  Thus  diphenyl  sulfone, 
formed  as  a  by-product  in  the  sulfonation  of  benzene,  is  converted  by 
sulfuric  acid  to  benzenesulfonic  acid. 

Toluene  yields  a  mixture  of  toluenesulfonic  acids,  the  relative  amounts 
of  the  isomers  being  dependent  on  the  temperature.  When  the  sulfona¬ 
tion  is  carried  out  at  0°,  the  ortho,  meta,  and  para  isomers  are  produced 
in  yields  of  43%,  4%,  and  53%,  respectively.  At  100°  the  yields  are 
13/o  oitho,  8%  meta,  and  79%  para.  This  striking  effect  of  temperature 
is  ascribed  to  the  reversibility  of  the  reaction. 

A  convenient  reagent  for  chlorosulfonation  is  chlorosulfonic  acid. 


CISOaH 

- ► 


CH3 


10  Ind.  Eng.  Chern.,  News  Ed.,  23,  260  (1945). 
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o-Toluenesulfonyl  chloride  serves  as  a  raw  material  in  the  manufacture 
ol  saccharin.  Benzenesulfonyl  chloride  is  made  in  a  77%  yield  by 
allowing  chlorosulfonic  acid  to  react  with  benzene  at  20-25°  (OS  I,  85). 

Another  example  of  chlorosulfonation  is  the  preparation  of  p-acet- 
ammobenzenesulfonyl  chloride  from  acetanilide  by  treatment  with 
chlorosulfonic  acid  (OS  I,  8). 


NTICOCIT 


f\ 

+  2CISO3H  - > 

V 

+  HC1  +  H2S04 


S02C1 


Naphthalene  yields  1-  or  2-naphthalenesulfonic  acid,  depending  on 
whether  the  sulfonation  is  effected,  respectively,  at  low  (80°)  or  high 
(165°)  temperatures.  Sulfonation  takes  place  reversibly  in  both  posi¬ 
tions,  but  the  rate  of  sulfonation  at  the  1  position  is  very  much  greater 
than  at  the  2  position.  Thus,  at  low  temperatures  the  product  is  almost 
exclusively  1-naphthalenesulfonic  acid.  At  high  temperatures  sulfona¬ 
tion  at  the  2  position  becomes  appreciable.  The  reverse  reaction  at  this 
position  is  so  slow  as  to  make  the  2  sulfonation  virtually  irreversible. 
At  high  temperatures  reversal  at  the  1  position  is  rapid.  This  explains 
why  the  1  isomer,  always  formed  first,  is  gradually  converted  to  the 
2  isomer  when  heated  in  the  presence  of  sulfuric  acid. 


y  I-C10H7SO3H  H20  low  temperature 

Ci0H8  +  H2S04 

^2-Ci0H7SO3H  -f*  H20  high  temperature 


It  is  to  be  noted  that  sulfonation  and  the  Friedel-Crafts  reaction  (p.  340) 
are  the  only  substitution  reactions  that  afford  a  useful  entry  into  the 
2  position  of  naphthalene. 

The  course  of  further  sulfonation  of  naphthalene  can  be  predicted  by 
reference  to  the  rule  of  Armstrong  and  Wynne,  which  states  that  the 
second  sulfo  group  never  enters  a  position  which  is  ortho ,  para ,  or  peri 
to  the  first.  It  has  also  been  established  that  when  two  sulfo  groups  are 
introduced  into  naphthalene  they  enter  different  rings  in  the  molecule. 

Sulfonation  of  anthraquinone  normally  produces  the  2  isomer  but 
the  entering  group  is  directed  exclusively  to  the  1  position  by  a  small 
amount  of  mercury.  To  explain  this  remarkable  influence  of  the  metal 
it  has  been  suggested  that  attack  at  the  1  position  proceeds  indirectly 
by  way  of  a  mercury  derivative. 

Sulfonation  of  aniline  and  other  aromatic  amines  can  be  effected  in 
various  ways,  one  of  the  most  useful  of  which  is  the  baking  pioccss, 
in  which  the  acid  sulfate  of  the  amine  is  heated  at  180°  or  higher  for  a 
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period  of  hours.  An  illustration  of  this  technic  is  the  production  of 
4-amino-3-methylbenzenesulfonic  acid  by  heating  the  acid  sulfa  e  o 

o-toluidine  (OS  27,  88;  83%  yield). 


CH3 

/NnH2-H2S04  heat 

k/ 


CH, 


+  N  A 


H 


+  H20 


V 


so. 


Sulfanilic  acid  may  be  prepared  conveniently  by  heating  aniline 
with  concentrated  sulfuric  acid  at  200°. 


NHo 

A 

V 


+  h2so4 


nh3+ 

A 

+  h20 


S03- 


Such  amino  acids  are  internal  salts  or  zwitterions  and  do  not  form  salts 
with  mineral  acids. 


Arsonation 

Arsonation  occurs  when  certain  highly  reactive  aromatic  compounds 
are  heated  with  arsenic  acid.  This  reaction,  discovered  by  Bechamp,  is 
practically  limited  to  anilines,  phenols,  and  their  derivatives  (OR  2,  428). 
An  example  is  the  preparation  of  arsanilic  acid  by  heating  aniline  with 
syrupy  arsenic  acid  (80-85%)  at  155-160°  (OS  I,  70).  The  yield  does 
not  exceed  15%. 


nh2 

NH 

A 

A 

~b  H3As04  - ► 

A 

A 

As03H2 


+  H20 


Arsonation  is  analogous  to  sulfonation  in  that  the  introduction  of  the 
arsono  group  proceeds  reversibly,  the  best  yields  being  obtained  by 
removal  ol  the  water  which  is  formed.  In  this  way  phenol  can  be  con¬ 
verted  to  p-hydroxyphenylarsonic  acid  in  a  33%  yield. 


OH 

A 

+  H3As04 

V 


OH 

A 

+  h2o 

V 

As03II2 
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Although  many  arsono  compounds  have  been  made  by  Bechamp’s 
method,  the  Bart  procedure  (p.  566)  is  usually  to  be  preferred. 


Metalation 

Metalation  is  the  replacement  of  hydrogen  on  carbon  by  a  metal 
(Gilman  I,  533),  a  type  of  reaction  that  occurs  in  both  aliphatic  and 
aromatic  compounds  and  is  usually  effected  by  the  action  of  a  metal 
alkyl.  Thus  ethylsodium  reacts  with  benzene  to  produce  phenylsodium 
and  ethane. 

C2H5Na  +  CeH6  - y  C2H6  +  CcH5Na 

Nuclear  metalation  is  greatly  facilitated  by  the  presence  on  the  ring  of 
ortho, para- directing  groups,  notably  alkoxyl  and  amino.  Thus  anisole 
reacts  readily  with  a  wide  variety  of  metal  alkyls  to  yield  ortho  deriva¬ 
tives.  With  phenyllithium  the  product  is  o-anisyllithium. 


OCH3 

+  C6H5Li 


OCH3 

/\u 


+  c6h6 


Another  example  is  the  conversion  of  the  dimethyl  ether  of  resorcinol  to 
the  1,2,3  derivative. 


OCH3 


och3 

(S\u 


%/ 


OCH; 


+  C6H5Li 


V 


OCH; 


+  CcH0 


In  general,  metalation  takes  place  predominantly  in  a  position  ortho 

to  a  substituent  of  the  type  OR,  SR,  or  NR2. 

Such  reactions  may  be  looked  upon  as  the  displacement  of  an  acid 
from  its  salt  by  a  stronger  acid.  Thus  benzene  is  a  stronger  acid  than 
ethane.  The  following  compounds  are  arranged  in  increasing  order  of 

acidity. 

CH3CH3  <  Cf)H6  <  C6H5CH3  <  C6H5CH2C6H5  <  (C6H5)3OH 

Thiophene  and  its  2-alkyl  derivatives  undergo  metalation  when 
treated  with  sodium  metal  or  sodium  amalgam  in  the  presence  of  an 
alkyl  halide,  the  metal  atom  entering  the  alpha  position.10 

16  Schick  and  Hartough,  J.  Am.  Chem.  Soc.,  70,  1645  (194S). 
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It  has  been  shown  that  metalation  of  phenylsodium  takes  place  ex- 
clusively  in  the  meta  position,"  i.e.,  that  the  sodium  atom  behaves  as  a 
positive  pole  in  much  the  same  way  as  the  NH3  group  (p.  277). 
Furthermore,  the  raeZa-directing  power  of  the  metal  on  the  ring  is  re¬ 
vealed  in  its  stabilization  of  the  ring  against  further  attack  (CR  35,  1). 

One  of  the  most  important  metalation  reactions  of  aromatic  com¬ 
pounds  is  mercuration,  which  consists  in  the  direct  intioduction  of  a 
mercuri  acid  group.  The  acetoxymercuri  group,  for  example,  can  be 
introduced  by  treatment  with  mercuric  acetate  or,  what  amounts  to  the 
same  thing,  mercuric  oxide  and  acetic  acid.18 

Hydrocarbons  are  mercurated  by  treatment  at  90-160°  for  one  or 

more  hours. 

ArH  +  Hg(OCOCH3)2  - >  ArHgOCOCH3  +  CH3C02H 

For  example  the  monomercuration  product  of  benzene  is  obtained  in  a 
92%  yield  by  adding  mercuric  acetate  in  glacial  acetic  acid  to  benzene 
at  a  controlled  rate.  The  optimum  temperature  is  110°.19  Under  simi¬ 
lar  conditions  toluene  is  monomercurated,  yielding  98%  of  a  mixture 
which  consists  of  the  ortho ,  meta,  and  para  derivatives.20 

Mercuric  nitrate  reacts  rapidly  with  benzene  to  form  phenylmercuric 
nitrate  and  nitric  acid.  If  mercuric  oxide  is  employed  to  convert  the 
nitric  acid  to  mercuric  nitrate  and  Drierite  is  added  to  remove  the  water 
which  is  formed,  phenylmercuric  nitrate  is  obtained  in  high  yields.21 

2CeH6  +  Hg(N03)2  +  HgO  - ►  2CeH5HgN03  -f-  H20 


Amines  and  phenols  react  very  much  more  readily.  o-Chloromercuri- 
phenol  is  formed  in  a  44%  yield  by  the  action  of  mercuric  acetate  on 
phenol  followed  by  treatment  with  sodium  chloride  (OS  I,  161). 


OH 


Hg(OCOCH3)2 

- y 


OH 

/\HgOCOCH3 


%/  \/ 


NaCl 

- y 


OH 

/\HgCl 

V 


Nitro  compounds  and  aryl  halides  undergo  mercuration  with  diffi¬ 
culty.  Mercuration  of  heterocyclic  aromatic  compounds  is  well  known; 
it  occurs  with  ease  in  some  cases  and  is  very  difficult  in  others.  Thio¬ 
phene  is  easily  mercurated,  and  advantage  has  been  taken  of  this  char¬ 
acteristic  to  remove  it  from  benzene. 


17  Morton,  Little,  and  Strong,  J.  Am.  Chem.  Soc.,  65,  1339  (1943). 

18  Kobe  and  Doumani,  Ind.  Eng.  Chem.,  33,  170  (1941). 

19  Kobe  and  Lueth,  Ind.  Eng.  Chem.,  34,  309  (1942). 

20  Barduhn  and  Kobe,  Ind.  Eng.  Chem.,  38,  247  (1946). 

-1  Morton,  Marshall,  Alden,  and  Magat,  J.  Am.  Chem.  Soc.,  69,  908  (1947). 
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CH 

-CH 

CH 

il  +  Hg(OCOCH3): 
CH 

CH - CH 


\  / 
S 


CH  CHgOCOCH3 


+  CH3CO2H 


Acids  are  usually  mercurated  by  refluxing  the  sodium  salts  with 
aqueous  mercuric  acetate  solution  until  no  ionic  mercury  remains  in 

solution.  When  o-phthalic  acid  is  used,  one  of  the  carboxyl  groups  is 
replaced. 


/\co 


,Na 


COoNa 


+  Hg(OCOCH3)2 


/ \co 


Hg 


/ 


O  +  C02  +  2CH3C02Na 


Mercuration  like  nitration  and  sulfonation  may  yield  mono-,  di-,  or 
polysubstituted  derivatives.  Mercuration  of  monosubstituted  aromatic 
compounds  such  as  phenol  and  aniline  gives  ortho  and  para  derivatives, 
as  would  be  expected.  Toluene  affords  ortho ,  meta,  and  para  derivatives 
in  yields  of  43%,  13%,  and  44%,  respectively.  Substitution  is  abnormal, 
however,  with  compounds  which  have  me/a-directing  groups.  For 
example,  nitrobenzene  yields  52%  of  the  ortho,  38%  of  the  meta,  and 
9%  of  the  para,  derivative. 

The  position  taken  by  the  acetoxymercuri  group  can  be  determined 
by  treatment  with  halogens,  which  replace  the  group. 

ArHgOCOCH3  +  X2  - ¥  ArX  +  HgXOCOCH3 


Bromine,  iodine,  and  iodine  monochloride  are  used  most  often.  o-Chlo- 
romercuriphenol,  for  example,  reacts  with  iodine  to  yield  o-iodophenol 
(OS  I,  326;  63%  yield). 


OH 

/\HgCl 


+  2I2 


T  Hgl2  +  HgCl2 


Similarly,  p-iodobenzoic  acid  is  formed  when  p-chloromercuribenzoic 
acid  is  treated  with  iodine  (OS  I,  325;  81%  yield). 

2ClHg<^  %Q2H  +  2I2  - >•  2I<^  ">CQ2H  +  Hgl2  +  HgCl2 


In  this  connection  may  be  recalled  the  resistance  of  the  chloromercuri 
group  to  oxidizing  agents  (p.  245). 
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The  action  of  a  halogen  on  a  mercurated  aromatic  compound  is  involved 
also  in  the  following  conversion  of  sodium  3-nitrophthalate  to  2-bromo- 
3-nitrobenzoic  acid  (OS  I,  56,  125). 


■/\C02Na  Hg(OCOCH3)2  |^jC0 
CO,Na 


NO, 


NaBr 

>0  - ► 

Hg 


/\cO,Na 


Br2 


HC1 


Br 


NOs 


NO; 


/\co2H 

Br 
N02 

The  production  of  picric  acid  by  the  so-called  oxynitration  of  benzene 
— treatment  with  nitric  acid  and  mercuric  nitrate — has  been  shown  to 
involve  mercuration,  transforming  benzene  into  phenylmercuric  nitrate. 

C6H6  +  Hg(N03)2  - >  C6H5HgN03  +  HN03 

The  other  steps  in  this  interesting  transformation  are  believed  to  be  the 
following.22 

OH  OH 

HN02  HNOs  fHNOs  No/>Os 

C6H5HgN03  - 4  C6H5NO  - »  |  - > 

V 

NOo  NO< 


Attack  by  Nucleophilic  Reagents 


It  is  to  be  expected  that  extreme  impoverishment  of  an  aromatic  ring 
by  electron-withdrawing  substituents  would  render  it  vulnerable  to 
attack  by  nucleophilic  agents.  Moreover,  the  ortho  and  para  positions 
would  be  most  receptive  to  such  attack.  Examples  of  this  type  of  sub¬ 
stitution  have  long  been  known.  The  conversion  of  1,3, 5- trinitroben¬ 
zene  to  picric  acid  by  the  action  of  alkali  is  illustrative. 


H 

no2/Vo2 


no2 


(O) 

OH- 


OH 


NCK 


/\no 


2 


\y 

no2 


22  Westheimer,  Scgel,  and  Schramm,  J.  Am.  Chem.  Soc.,  69,  773  (1947)-  Carmack 
Baizcr,  Handrick,  Kissinger,  and  Specht,  J.  Am.  Chem.  Soc.,  69,  785  (1947). 
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It  is  to  be  noted  that  successful  nucleophilic  attack  by  hydroxyl  ion 
requires  that  the  hydrogen  atom  to  be  replaced  depart,  taking  the  elec¬ 
tron  pair  with  it.  The  presence  of  an  oxidizing  agent  is  thus  required. 
Exposure  to  the  air  often  serves  this  purpose. 

1  he  pyridine  ring  in  pyridinium  salts  can  be  oxidized  electrolytically 
or  by  a  ferricyanide,  as  is  illustrated  by  the  synthesis  of  l-methyl-2- 
pyridone  (OS  II,  419). 
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When  the  oxidizing  agent  is  alkaline  potassium  ferricyanide  solution, 
yields  of  70%  are  obtainable. 

Direct  animation  of  aromatic  rings  by  the  action  of  hydroxylamine 
and  the  amination  of  pyridine  and  quinoline  by  the  use  of  alkali  amides 
belong  in  this  category.  The  direct  introduction  of  an  amino  group  by 
the  action  of  hydroxylamine  has  been  accomplished,  for  example,  with 
TNB,  which  reacts  with  this  reagent  in  cold  alcohol  solution  to  produce 

picramide.  ^TTT 

NH2 

ncu^Xncu  noXXnck 


+  HONHo 


+  h20 


NCk 


NO? 


4-Nitro-l-naphthylamine  is  made  from  1-nitronaphthalene  in  a  similar 
way  (OS  28,  80;  60%  yield).  An  analogous  reaction  occurs  when  nitro¬ 
benzene  is  treated  with  the  potassium  salt  of  carbazole.23 


The  sodium  salt  of  piperidine  produces  a  similar  result.24 

It  may  be  mentioned  in  passing  that  amination  can  be  effected  also 
by  the  use  of  hydroxylamine-O-sulfonic  acid,  H2N0S03H,  in  the  pres- 

23  de  Montmollin  and  de  Montmollin,  Helv.  (  him.  Acta,  6,  94  (19^3). 

24  Bradley  and  Robinson,  J.  Chem.  Soc.,  1254  (1932). 
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ence  of  aluminum  chloride.  For  example,  when  toluene  is  treated  t 
this  reagent  for  30  minutes  at  95-105°,  it  is  converted  to  toluidmes  in 
yields  of  40%.  Apparently  this  reaction  involves  an  electrophilic  attack 

of  the  ring.25  .  ,  . 

Amination  is  especially  useful  in  the  preparation  of  aminopyridines 

and  aminoquinolines  (OR  I,  91).  The  presence  of  the  azomethme  link¬ 
age  in  these  molecules,  of  course,  renders  them  vulnerable  to  attack  by 
nucleophilic  agents.  Pyridine  is  aminated  by  treatment  with  sodium 
amide  at  temperatures  above  100°  and  in  dime  thy  laniline  or  an  aromatic 
hydrocarbon  as  solvent.  This  is  the  method  of  Ghichibabin. 


/X 


\  // 
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+  NaNH2 


A 

+  h2 

k  ^NHNa 
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A 
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It  seems  likely  that  the  first  step  is  the  attack  of  the  amide  ion  at  the 
2  position.  The  intermediate  would,  in  effect,  yield  sodium  hydride 
and  2-aminopyridine,  which  by  interaction  would  give  the  products 
observed. 
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\  // 
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k  ^NH2 
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Amination  in  the  4  position  also  occurs.  The  amination  of  quinoline 
is  nearly  always  carried  out  by  the  use  of  potassium  amide  in  liquid 

ammonia  at  room  temperature.  The  2-  and  4-aminoquinolines  are 
formed  in  a  ratio  of  5  to  1. 

The  importance  of  this  method  of  preparing  amino  derivatives  of 
pyridine  and  quinoline  becomes  apparent  when  one  considers  the  diffi¬ 
culties  involved  in  the  synthesis  of  3-aminopyridine  where  other  meth- 
o  s  must  be  sought.  Reduction  of  the  corresponding  nitro  compound  is 
o  little  value,  since  it  is  extremely  difficult  to  nitrate  pyridine.  The 
jest  method  is  the  Hofmann  degradation  of  the  corresponding  amide 


-5  Keller  and  Smith,  J.  Am.  Chem.  Soc.,  66,  1122  (1944). 
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An  example  of  amination  has  been  observed  in  connection  with  the 
Ziegler  method  of  bromination  (p.  31).  When  benzene  is  employed  as 
solvent,  appi  eciable  amounts  of  N-phenylsuccinimide  are  formed.26 

All  these  reactions  are  similar  to  the  carbonyl  reactions;  i.e.,  they 
involve  initial  nucleophilic  attack  at  a  deficient  carbon  atom.  The 
chief  difference  is  that  a  nucleophilic  attack  of  an  aromatic  ring  must 
be  followed  by  oxidation  to  restore  the  aromatic  character  of  the  ring. 

Many  reactions  are  known  which  are  initiated  by  a  nucleophilic 
attack  by  the  cyanide  ion.  The  conversion  of  m-dinitrobenzene  to 
2,6-dinitrobenzonitrile  is  an  example.27  This  reaction  is  the  first  step  in 
the  synthesis  of  2,6-dimethoxybenzonitrile  from  m-dinitrobenzene  by 
heating  with  a  methanolic  solution  of  potassium  cyanide  (OS  22,  35). 
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'2  KCN  CHsOf^^NNO? 
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Similarly  attack  by  cyanide  ion  must  initiate  the  reaction  by  which 
.  m-halonitrobenzenes  are  converted  to  o-halobenzoic  acids.  m-Bromo- 
nitrobenzene,  for  example,  yields  o-bromobenzoic  acid. 


Br/\NO; 
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The  conversion  of  resorcinol  to  phloroglucinol  by  fusion  with  alkali 
is  formulated  in  a  similar  way.24 
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1  -N i t roso-2-naph thol  in  its  reaction  with  potassium  cyanide  may  be 
supposed  to  react  in  the  quinoid  form."8 
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26  Howton,  J.  Am.  Chem.  Soc.,  69,  2060  (1947). 

27  Lobry  de  Bruyn,  Rec.  trav.  chim .,  2,  205  (18S3). 

28  See  Bradley  and  Jadhav,  J.  Chem.  Soc.,  1791  (1937). 
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The  electron  depletion  of  the  ortho  and  para  carbon  atoms  since  it 
facilitates  attack  by  hydroxyl  ion,  is  responsible  for  the  ease  with  which 
such  compounds  as  2,4-dinitrochlorobenzene  are  hydrolyzed  to  the  cor- 


responding  phenols  (p.  297).  ,  . 

The  introduction  of  nuclear  hydrocarbon  substituents  by  the  action 

of  organometallic  compounds  is  another  example  of  attack  of  aromatic 
rings  by  nucleophilic  agents.  Benzanthrone,  for  example,  is  phenylated 
by  treatment  with  phenylmagnesium  bromide.29 


The  product  is  not  the  dihydro  derivative  to  be  expected  but  the  com¬ 
pletely  aromatized  ketone. 

Similar  observations  have  been  made  with  certain  highly  hindered 
ketones.  Duryl  phenyl  ketone,  for  example,  is  converted  to  the  p-sec- 
butyl  derivative  in  a  63%  yield  by  interaction  with  sec-butylmagnesium 
bromide.30 
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The  attack  of  the  pyridine  ring  by  organometallic  compounds  belongs 
in  this  category  also.  Phenyllithium,  for  example,  converts  pyridine  to 
2-phenylpyridine  (OS  II,  517;  49%  yield). 
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29  Allen  and  Overbaugh,  J.  Am.  Chem.  Soc.,  57,  740  (1935). 
i0  Fuson  and  Tull,  J.  Am.  Chem.  Soc.,  71,  2543  (1949). 
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ALKYLATION  OF  AROMATIC  COMPOUNDS 

The  direct  introduction  of  alkyl  side  chains  into  aromatic  compounds 
may  be  accomplished  by  a  variety  of  methods  most  of  which  involve 
acid  catalysts.  The  most  useful  of  these  is  aluminum  chloride  (OR  3,  1). 
In  other  words,  the  most  important  method  for  the  purpose  is  that  of 
Friedel  and  Crafts.  However,  it  has  been  found  possible  to  utilize  many 
other  catalysts  most  of  which  resemble  aluminum  chloride  in  being 
acidic  in  nature.  Sulfuric  acid,  for  example,  is  excellent  for  a  wide  va¬ 
riety  of  alkylation  reactions.  In  the  present  chapter  alkylation  reactions 
that  involve  acidic  catalysts  are  grouped  together  as  methods  of  the 
Friedel-Crafts  type. 


Methods  of  the  Friedel-Crafts  Type  , 

Liquid-phase  alkylation  of  aromatic  hydrocarbons  has  made  possible 
the  synthesis  of  a  wide  variety  of  compounds.  The  process  is  not  well 
understood  and  is  affected  by  many  factors  other  than  the  reactants 
themselves.  Temperature,  time,  pressure,  degree  of  mixing,  and  manner 
of  introduction  of  the  reagents  have  to  be  considered  (CR  43,  257). 
In  the  present  survey  the  role  of  the  catalyst,  of  the  aromatic  compo¬ 
nent,  and  of  the  alkylating  agent  will  first  be  discussed. 

The  Catalyst.  The  function  of  the  catalyst  in  the  Friedel-Crafts 
alkylation  is  supposed  to  be  the  production  of  a  complex  that  can  furnish 
a  positive  radical  (carbonium  ion),  which  is  the  alkylating  agent.  T1  us, 
alkylation  with  an  alkyl  halide  in  the  presence  of  aluminum  chloride  in¬ 
volves  initially  the  formation  of  the  carbonium  ion,  R  .  The  ion  is  an 
electrophilic  agent  and  coordinates  with  one  of  the  unshared  electron 
pairs  just  as  the  positive  halogen  does  in  the  halogenation  reaction  (p. 


275). 
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R-X  i  +  Al-Cl  ^ 
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The  ionic  intermediate  then  forms  the  alkylbenzene  by  loss  of  a  proton. 

Evidence  in  support  of  this  view  of  the  manner  in  which  the  catalyst 
functions  comes  from  several  sources  (OR  3,  1).  First  may  be  mentioned 
the  marked  conductivity  of  a  benzene  solution  of  aluminum  chloride  an 
ethyl  chloride,  in  contrast  to  the  negligible  conductivity  of  benzene  solu¬ 
tions  of  either  chloride  alone.1 

Another  supporting  fact  is  the  ready  interchange  of  halogens  in  the 
presence  of  aluminum  chloride.  The  rapid  racemization  of  cx-chloio- 
ethylbenzene  in  the  presence  of  aluminum  chloride  and  other  Friedel- 
Crafts  catalysts  but  not  in  the  presence  of  noncatalytic  chlorides,  such 
as  those  of  lithium,  silicon,  and  arsenic,  is  also  good  evidence.  In¬ 
cidentally,  the  order  in  which  the  catalytic  chlorides  fall  in  this  respect 
is  the  following.2 


A1C13  >  SbCl5  >  BC13  >  SnCl4  >  ZnCl2  >  HgCl2 

The  choice  of  catalyst  depends  to  a  large  extent  on  the  reactivity  of 
the  alkylating  agent.  A  very  reactive  alkyl  halide  such  as  benzyl 
chloride  requires  only  small  amounts  of  a  relatively  weak  catalyst  like 
zinc  chloride,  whereas  an  alkyl  halide  of  low  order  of  reactivity  such 
as  methyl  chloride  calls  for  considerable  amounts  of  a  powerful  catalyst 
like  aluminum  chloride. 

When  olefins  or  alcohols  are  used  as  alkylating  agents,  boron  fluoride 
and  hydrogen  fluoride  are  superior  catalysts  because  the  products  ob¬ 
tained  by  their  use  are  free  of  the  colored  and  resinous  by-products 
which  generally  accompany  the  use  of  aluminum  chloride. 

Aromatic  Compounds.  The  aromatic  compounds  which  are  most  often 
used  in  Friedel-Crafts  condensations  are  hydrocarbons,  aryl  halides, 
phenols,  and  aryl  ethers.  The  reaction  usually  is  inhibited  by  meta- 
directing  groups  because  of  the  stabilizing  influence  which  these  sub¬ 
stituents  exert  on  the  ring.  This  effect  may  be  offset,  however,  by  the 
piesence  of  an  activating  group  such  as  an  alkoxyl  group.  Nitrobenzene 
has  not  been  alkylated  by  this  method,  but  o-nitroanisole  has  been  iso- 
propylated  in  good  yield  (84%). 3 


1  Wertyporoch  and  Firla,  Ann.,  500,  287  (1933). 

2  Bodendorf  and  Bdhme,  Ann.,  516,  1  (1935). 

3  Calcott,  Tinker,  and  Weinmayr,  J.  Am.  Chem.  Soc.,  61,  1010  (1939). 
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CH30<^  ^>+  (CH3)2CHOH  CH30^  ^>CH(CH3)2+H20 

NOT  no; 

Methylation  and  ethylation  of  acetophenone  have  been  effected,  gen¬ 
erally  in  low  yields,  by  conducting  the  reaction  at  temperatures  in  the 
neighborhood  of  180°. 4 

The  normal  activating  effect  of  OH,  NH2,  or  OR  is  lessened  by  the 
tendency  of  the  oxygen  or  nitrogen  atom  to  coordinate  with  the  catalyst. 
Anisole,  for  example,  is  thought  to  combine  with  boron  fluoride  to  pro¬ 
duce  a  complex  of  the  following  type. 

s©  A0 

CeHs^BFs 

CH3 

Alkyl  groups  increase  or  have  no  appreciable  effect  on  the  rate  of 
alkylation.  Alkylation  is  often  difficult  to  control;  there  is  a  general 
tendency  for  the  formation  of  polyalkyl  derivatives.  Benzene  and 
methyl  chloride  give  a  mixture  of  mono-,  di-,  tri-,  tetra-,  penta-,  and 
hexamethylbenzenes.  Durene,  pentamethylbenzene,  and  hexamethyl- 
benzene  are  made  from  commercial  xylene  in  this  way  (OS  II,  248). 
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4  Baddeley,  J .  Chem.  Soc.,  S229  (1949). 
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The  relative  rates  of  propylation  of  monoalky lbenzenes  show  that 
propylation  is  affected  by  steric  hindrance;  the  larger  and  more  complex 
the  alkyl  group,  the  slower  the  propylation.  The  following  compounds 
are  arranged  in  the  order  of  decreasing  speed  of  propylation. 

toluene  >  ethylbenzene  >  cumene  >  Z-butylbenzene 

These  differences  in  rates  seem  to  be  a  measure  of  the  differences  in 
steric  hindrance  at  the  ortho  positions.  Thus  the  rates  of  propylation  at 
the  meta  and  para  positions  are  nearly  the  same  for  toluene  and  cumene, 
whereas  the  rate  at  the  ortho  position  in  cumene  is  about  one-sixth  of 
that  in  toluene.5 

The  structure  of  the  alkyl  group  also  has  an  important  influence  on 
the  number  of  alkyl  groups  which  can  be  introduced.  Six  methyl,  ethyl, 
or  n-propyl  radicals  can  be  attached  to  the  benzene  ring  by  the  Friedel- 
Crafts  method,  but  only  four  isopropyl  groups.  £-Butylation  normally 
yields  a  disubstitution  product,  p-di-£-butylbenzene. 

Aromatic  heterocycles  vary  greatly  in  reactivity.  Furan,  for  ex¬ 
ample,  is  too  sensitive  to  be  used.  When  the  furan  ring  is  stabilized  by 
the  presence  of  a  carbalkoxy  group,  alkylation  is  possible.  Isobutyl 
bromide  reacts  with  methyl  2-furoate  to  produce  methyl  5-£-butyl-2- 
furoate.6 


CH - CH 
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(CH3)2CHCH2Bri 
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II  II 

(CH3)3CC  cco2ch3 
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Thiophene  likewise  is  sensitive;  however,  it  has  been  alkylated  under 
properly  chosen  conditions.7 

Attempts  to  use  the  Friedel-Crafts  reaction  with  basic  nitrogen  com¬ 
pounds  have  met  with  little  success,  presumably  because  the  nitrogen 
atom  coordinates  with  the  catalyst.  It  may  be  supposed  that  the  failure 
of  quinoline,  for  example,  to  undergo  alkylation  is  due  to  the  stabilizing 
effect  on  the  benzenoid  ring  of  the  ammonium  group  in  the  complex 

/\/\ 


// 

N 

A1C13 

5  Condon,  J .  Am.  Chem.  Soc.,  70,  2265  (1948). 

®  Gilman  and  Calloway,  J.  Am.  Chem.  Soc.,  55,  4197  (193‘U 

Kutz  and  Corson,  J.  Am.  Chem.  Soc.,  68,  1477  (1946)-  Anolohv  Sort  T 

Kapranos,  J.  Am.  Chem.  Soc.,  70,  1552  (1948).  ’  P  y’  Sa  tor»  Lee’  and 
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Phenols  readily  undergo  alkylation  when  treated  with  olefins  in  the 
presence  of  sulfuric  acid,  aryl  ethers  apparently  being  produced  as  in¬ 
termediates.  Such  ethers  are  known  to  isomerize  to  the  corresponding 
substituted  phenols  under  the  conditions  of  the  alkylation.  Moreover, 
this  type  of  change  may  be  effected  by  heat  alone. 

Alkylating  Agents.  In  academic  laboratories  alkyl  halides  are  usually 
employed  as  alkylating  agents,  whereas  in  industrial  practice  olefins  are 
generally  used.  Thus,  ethylene  serves  as  the  ethylating  agent  in  the 
manufacture  of  ethylbenzene. 

c6h6  +  ch2=ch2  c0h5ch2ch3 


Ethylbenzene,  as  noted  earlier  (p.  265),  is  an  important  intermediate  in 
the  manufacture  of  styrene,  and  on  this  account  its  production  from  ben¬ 
zene  and  ethylene  is  the  most  important  of  all  reactions  of  the  Friedel- 
Crafts  group.  The  ethylbenzene  is,  of  course,  accompanied  by  con¬ 
siderable  amounts  of  higher  ethylation  products.  However,  if  the  latter 
are  added  to  the  next  batch,  the  yield  of  ethylbenzene  is  very  high.  This 
effect  is  due  to  the  transfer  of  ethyl  groups  from  the  higher  ethylation 
products  to  the  benzene  ring.  Thus  a  tetraethylbenzene  may  react  with 
benzene  to  yield  ethylbenzene  and  a  triethylbenzene.8  There  is  an 
equilibrium  mixture  of  all  possible  ethylation  products,  the  equilibrium 
being  shifted  in  favor  of  the  monoethyl  derivative  by  removal  of  the 
latter  by  distillation.  It  is  correct,  therefore,  to  list  polyethylbenzenes 


as  alkylating  agents. 

Ethylation  of  benzene  with  ethylene  has  been  studied  very  extensively, 
particularly  in  the  industry,  many  methods  having  been  devised  for  con¬ 


trol  of  the  yield.9  ..  .  r  ..  , 

The  application  of  the  Friedel-Crafts  type  of  condensation  is  limited 

not  only  by  the  reactivity  of  the  aromatic  compound  but  also  by  tha  o 

the  alkylating  agent.  Thus,  with  halides,  alcohols,  ethers,  and  esters, 

alkylation  occurs  most  readily  for  tertiary  or  allyl  types  less  rapidly  or 

secondary  types,  still  less  readily  for  primary  types,  and  least  readi  y 


mAnyunusual  condensation  takes  place  between  aromatic  hydrocarbons 
An  unusu  reactions,  cyclopropane  be- 

ZZZtoJ.  propylene*  The  M 

the  product  is  a  n-propyl  rather  than  an  isopropy  enva 

_  ,  4q  qi  50  (1927);  Marks,  Almand,  and  Reid, 

.Cime end  Eng. »  «  <■«*>• 
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AlCL  /CH3 

c6h6  -f  CH3CH=CH2 - -4  c6h5ch 

xch3 

ch2 

CgHe  +  CH2— CH2  — —4  C6H5CH2CH2CH3 

Butadiene  reacts  with  benzene  in  the  presence  of  boron  fluoride  to 
yield  butenylbenzene. 

It  was  to  be  expected  that  acetylene  would  combine  with  aromatic 
compounds  to  produce  vinyl  derivatives,  which  in  turn  would  react  with 
the  aromatic  compound  to  yield  diarylethanes.  Partly  because  of  the 
tendency  of  the  styrenes  to  polymerize,  this  method  has  given  complex 
products.  With  mercuric  sulfate  as  a  catalyst,  however,  satisfactory 
yields  are  obtainable.  Toluene  and  acetylene,  for  example,  furnish 
1,1-di-p-tolylethane  in  a  64%  yield  (OS  I,  229). 

2CH3<f%>  +  C2H2  ———4  (CH3<3)2CHCH3 

One  route  to  p-terphenyl  involves  alkylation  of  benzene  with  cyclo¬ 
hexyl  bromide. 


>Br  +  C6H6 


AlCb 


+  2HBr 


Other  useful  alkylations  are  involved  in  the  synthesis  of  diphenyl- 
methane  (OS  II,  232)  and  triphenylmethane  from  benzyl  chloride  and 
chloroform,  respectively. 


A1C1 


c6h5ch2ci  +  c6h6  —4  c6h5ch2c6h5  +  HC1 


CHCI3  +  3C6H6  >  (C6H5)3CH  +  3HC1 

Diphenylmethane  is  always  formed  as  a  by-product  when  chloroform  is 
condensed  with  benzene. 

Carbon  tetrachloride  can  be  made  to  give  mono-,  di-,  or  triaryl  deriv¬ 
atives.  As  a  matter  of  fact,  triphenylmethane  is  usually  produced  from 
benzene  and  carbon  tetrachloride.  The  intermediate  triphenylmethvl 

2*T  Tf 'mmUThl0,ride  additi°n  product  is  reduced  by  ether  (OS  I 
548).  The  over-all  yield  is  84%. 

3C0H0  +  CC14  +  AIC13  - ►  (C6H5)3CC1  •  AICI3  -f  3HC1 

(C6H5)3CC1-A1C13  +  (C2H5)20  - ► 

(C6H5)3CH  +  CH3CHO  +  CH3CH2C1  +  AICI3 
If  the  molecular  addition  compound  is  decomposed  with  water  trinh™  l 
me  lyl  chloride  is  formed  in  an  86%  yield  (OS  23,  102).  This  chloride 
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is  conveniently  made  also  by  the  action  of  acetyl  chloride  on  triphenyl- 
carbinol  (OS  23,  100). 

a-Halogenated  carbonyl  compounds  and  nitriles  rarely  afford  alkyla¬ 
tion  products  in  good  yields.  One  satisfactory  synthesis  is  the  prepara¬ 
tion  of  diphenylacetonitrile  from  benzene  and  a-bromophenylaceto- 
nitrile  (OS  28,  55). 10 

C6H5CHCN  +  C6H6  ———4  (C6H5)2CHCN  +  HBr 

I 

Br 


A  few  a-bromo  ketones  have  been  found  useful.  The  most  suitable, 
like  the  bromonitrile,  have  the  benzyl  halide  structure  as  in  a-chloro- 
desoxybenzoin,  aA-dibromodibenzyl  ketone,  and  a-bromo-a-phenyl- 
acetone.11  The  acetone  derivative  reacts  with  benzene  to  give  a,a- 
diphenylacetone  (OS  29,  38). 


C6H5CHCOCH3  +  C6H6  AICI'-»  (C6H5)2CHCOCH3  +  HBr 

I 

Br 


Carbon  alkylation  of  phenols  occurs  when  they  are  treated  with  alkyl 
halides  in  the  presence  of  acid  or  alkaline  catalysts,  but  these  methot  s 

have  not  proved  to  be  generally  useful. 

An  analogous  alkylation  reaction  of  aniline,  which  deserves  specia 
mention,  is  involved  in  the  synthesis  of  julolidine  (OS  26, 40)  from  aniline 
and  trimethylene  chlorobromide.  The  condensation  seems  to  take  the 

following  path. 


NH2 

A 

V 


+ 


BrCH2CH2CH2Cl 


HNCH2CH2CH2C1 

A 


BrCHiCHaCHiCl^ 


i“  See  also  Ginsburg  and  Baizer, 
ii  Ruggli,  Dahn,  and  Wegmann, 


J.  Am.  Chem.  Soc.,  71,  2254  (1949). 
Iielv.  Chim.  Ada,  29,  113  (1946). 
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An  ingenious  scheme  for  preparing  spirans  involves  an  intramolecular 
alkylation  of  an  aromatic  ring  with  an  olefin.12 


M 


cii2cir2\ 

A  similar  method  was  employed  to  make  the  cyclopentane  analog.13 


CH2CH2' 


Aa 


>  AA 


W 

Benzene  condenses  with  3,4-dichlorohexane  to  yield  1,4-dimethyl- 
tetrahydronaphthalene.14 


\A 


c2h5 


CH, 


CHC1  AICI3 

+  1  - ► 

CHC1 

c2h5j 


+  2HC1 


CEL 


Just  as  olefins  can  be  used  instead  of  the  corresponding  alkyl  halides, 
alcohols  can  serve  as  alkylating  agents  in  the  Friedel-Crafts  type  of 
synthesis.  The  products  with  alcohols  are  often  different  from  those 
obtained  with  the  corresponding  halides,  since  alcohols  show  less  tend- 
ency  to  undergo  rearrangement. 

Mandelic  acid  combines  with  mesitylene  in  the  presence  of  stannic 
chloride  to  give  mesitylphenylacetic  acid  in  a  61%  yield.15 


C6H5CHC02H  +  CEL 


CEL 


OH 


CH* 


SnCL  \ 

- *  chco2h  +  h2o 


c9h1: 


/ 


|2  Cook  and  Hewett,  /.  Chem.  Soc.,  365  (1934) 

B117,  sTsOOSS).’  HaSleW00d>  Hewett-  Hieger’  and  K~.y,  Proc.  Roy.  Soc, 
»  Sisido  and  Nozaki,  J.  Am.  Chem.  Soc.,  70,  1288  (1948) 

Fuson,  Armstrong,  Kneis.ey,  and  Shenk,  ./.  Am.  Chem.  Soc,  66,  1464  (1944). 
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This  type  of  reaction  has  proved  to  be  very  useful  in  the  synthesis  of  un- 
symmetrical  diarylacetic  acids. 

Esters  can  likewise  be  employed  to  alkylate  aromatic  compounds, 
hydrogen  fluoride  being  a  superior  catalyst  for  reactions  of  this  type. 
A  75%  yield  of  diphenylmethane  is  obtained  by  treating  benzene  with 
benzyl  acetate  in  the  presence  of  hydrogen  fluoride. 


Alkylations  and  acylations  with  hydrogen  fluoride  are  carried  out  in  a 
copper  bomb  and  at  moderate  temperatures. 

Certain  types  of  ethers  can  also  be  used  to  alkylate  aromatic  com¬ 
pounds.  When  aralkyl  ethers  are  heated  with  a  catalyst,  the  alkyl 
group  may  move  to  the  ring;  migration  is  particularly  easy  with  ethers 
of  the  allyl  type  and  is  known  as  the  Claisen  rearrangement  (p.  327). 
Ethylene  oxide,  a  cyclic  ether,  has  been  condensed  with  aromatic  com¬ 
pounds  to  yield  the  corresponding  /3-arylethyl  alcohols.  The  condensa¬ 
tion  of  ethylene  oxide  and  benzene  to  phenethyl  alcohol,  a  synthetic  attar 
of  roses,  is  catalyzed  by  aluminum  chloride. 


+  ch2-ch2  A!£!i*  c6h5ch2ch2oh 


Aldehydes  and  ketones  undergo  condensation  with  aromatic  com¬ 
pounds  in  the  Friedel-Crafts  manner,  the  products  being  carbinols. 
However,  this  type  of  reaction  is  not  generally  useful  because  many  of 
the  carbinols  are  too  reactive  to  be  isolated.  Thus  formaldehyde  re¬ 
acts  with  benzene  in  the  presence  of  sulfuric  acid  to  yield  diphenyl- 
methane,  benzyl  alcohol  being  presumed  as  an  intermediate.  Similarly 
benzaldehyde  and  benzene  form  triphenylmethane. 


polymers  of  the  Bakelite  type. 
2C6H5OH  +  CH3COCH3 


1IgS%  hoc6h4cc6h4oh  +  h2o 


ch3 


Glyo^d^*  ri.A  frvmoQiripii vrlp.  Viavc  a  very 

condense  \ 
formation 


active  carbonyl  group  and 
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an  example.  The  reaction  takes  place  at  0°  in  the  presence  of  aluminum 
chloride  and  gives  the  benzoin  in  a  yield  of  70%. 16 

OH 

Bv/  )>COCHO  +  C6H6  -A24  Br^3%>COCHC6H5 

The  same  type  of  reaction  is  used  in  the  preparation  of  2,2 -bis-(p- 
chlorophenyl)- 1 , 1 , 1-trichloroethane  or  DDT,  the  noted  insecticide.17 

CI3CCHO  +  2CcH5C1  H—>  CI3CCH  «3d)a  +  H20 


It  has  been  shown  that  sulfuric  acid  may  be  replaced  by  chlorosulfonic 
acid  in  this  process.18 

A  somewhat  similar  condensation  takes  place  when  ethyl  mesoxalate 
is  treated  with  aromatic  compounds  in  the  presence  of  stannic  chloride. 
The  synthesis  of  2,5-dimethylmandelic  acid  is  an  example  (OS  25,  33; 
70%  yield). 


CH3 


\/ 

ch3 


/C02c2h5 
+  CO 

xco2c2h5 


SnCl4 

- > 


ch3 

ch3 

/\-C(C02C2H5)2  h2o 

/Vchco2h 

1 

IJL 

V0H 

ch3 

ch3 

When  formaldehyde  is  used  in  the  presence  of  hydrogen  chloride,  the 
reaction  leads  to  the  formation  of  chloromethyl  derivatives  and  is 
known  as  chloromethylation  (OR  I,  63). 

The  reagent  may  be  a  mixture  of  formalin  and  hydrochloric  acid, 
paraformaldehyde  and  hydrochloric  acid,  a  chloromethyl  ether,  or  a 
formal.  Zinc  chloride  is  commonly  employed  as  the  catalyst,  although 
many  others,  such  as  stannic  chloride,  sulfuric  acid,  and  acetic  acid,  may 

serve.  An  example  of  the  use  of  zinc  chloride  is  the  preparation  of  benzyl 
chloride.  J 


C6H6  +  CH20  +  HC1  — — 4  C6H5CH2C1  +  H20 

The  most  important  example  is  the  formation  of  1-chloromethylnaph- 
thalene  from  naphthalene  (OS  24,  30).  The  yield  is  77%. 


C10H8  +  CH20  +  HC1  — Il3P°4 


//  ^ 


ch3co2h 


w 

CH2C1 

n  rrn?k!  an<!  fT%0n’  J'  Am ■  chem'  Soc->  68>  1295  (1936). 

18  pn!t01  vand  Hal  Ind-  Eru,.  Chem. ,  News  Ed.,  23,  2070  (1945) 
tueggeberg  and  Torrans,  Ind.  Eng.  Chem.,  38,  211  (1946). 


+  h2o 
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In  the  chloromethylation  of  2-chloronaphthalene,  as  would  be  predicted, 
substitution  occurs  chiefly  (85%)  in  the  unsubstituted  ring. 


/N/Sci 


+  CH20  +  HCl 


S/V' 


CH2C1 


CH2C1 


w 


1-Chloronaphthalene,  contrary  to  expectation,  is  chloromethylated  in 
the  4  position,  i.e.,  in  the  ring  which  holds  the  chlorine  atom.19  The  re¬ 
action  is  general  for  aromatic  hydrocarbons  and  gives  the  best  yields 
with  polyalkylbenzenes  such  as  mesitylene  and  2,4,6-triisopropylbenzene. 
The  latter  may  be  chloromethylated  in  an  85%  yield  by  the  use  of  chloro- 
methyl  methyl  ether  and  stannic  chloride. 


CH(CH3)2 

(CH3)2CH<0 

CH(CH3)2 


SnCl4 

+  CH30CH2C1  - > 

CH(CH3)2 

(CH3)2CH^  Sch2ci  +  CH3OH 

CH(CH3)2 


The  chloromethyl  methyl  ether  is  made  (89%  yields)  from  formalde¬ 
hyde,  methanol,  and  hydrogen  chloride  (OS  I,  377). 

CH20  +  HCl  +  CH3OH  - 4  CH30CH2C1  +  H20 

Thiophene  has  been  found  to  undergo  chloromethylation  when  treated 
.fth  fotl  anil  hydrochloric  acid  (OS  29,  31),  the  hydrochloric  acd 

serving  as  the  catalyst. 


CH - CH 

CH  CH 

\  / 

S 


+  CH20  +  HCl 


CH - CH 


CH  CCH2C1 

\  / 
s 


+  H,0 


»  Horn  and  Warren, Chem.  Soc.,  144  (’M6). 

2.  Blicke  and  Burekhalter, ./.  Am.  Chem.  Soc.,  64,  477  (1WI 
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CH - CH 

||  +  2CH20  +  2HC1 

CH  CH 

\  / 
s 


CH - CH 

+  2H2O 

C1CH2C  CCH2C1 

\  / 

S 


The  addition  of  thiophene  to  a  mixture  of  formalin  and  hydrochloric 
acid  in  the  absence  of  other  catalysts  gives  the  dichloromethyl  derivative 
in  excellent  yields.21 

As  would  be  expected,  the  reaction  of  formaldehyde  with  phenols  is 
rapid  and  difficult  to  control ;  however,  the  presence  of  a  meta-directing 
substituent,  such  as  nitro,  stabilizes  the  ring  sufficiently  to  make  the 
condensation  useful.  An  example  is  the  chloromethylation  of  p-nitro- 
phenol  to  give  2-hydroxy-5-nitrobenzyl  chloride  (OS  20,  59).  The 
best  reagents  for  this  reaction  are  methylal  and  concentrated  hydro¬ 
chloric  acid;  they  afford  a  69%  yield. 


+  CH2(OCH3)2  +  HC1 


OH 

/\ch2ci 


+  2ch3oh 


\/ 

no2 


Aryl  ethers  are  very  readily  chloromethylated.  In  fact,  anisole  has  been 
shown  to  undergo  condensation  with  other  aldehydes  such  as  acetalde¬ 
hyde,  propionaldehyde,  isobutyraldehyde,  and  butyraldehyde.  The  re¬ 
action  with  acetaldehyde  gives  a-chloroethylanisole,  which  rapidly  loses 
hydrogen  chloride,  yielding  vinylanisole. 


C6H5OCH3  ~  CH3CHO 

HC1  * 


OCH3 

A 

V 

CHC1CH3 


— HC1 

- > 


och3 


\/ 

ch=ch2 


When  hydrobromic  acid  is  used,  bromomethylation  occurs 
naphthalene  yields  1-bromomethylnaphthalene. 


Thus 


%oH8  -j-  CH20  +  HBr 


//\/  ^ 


w 

CH2Br 


+  H20 


Bromomethylation  is  a  general  reaction  but  affords  lower  yields  than 
chloromethylation.  Iodomethylation  has  been  reported  also 

21  Griffing  and  Salisbury,  J.  Am.  Chem.  Soc.,  70,  3416  (1948) 
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Isomerization  of  Groups.  There  is  a  general  tendency  for  an  alkyl 
group  to  isomerize,  when  this  is  possible,  from  primary  to  secondary  or 
from  secondary  to  tertiary  during  alkylation.  An  explanation  of  this 
phenomenon  is  offered  by  the  theory  of  rearrangements  mentioned 
earlier  (p.  18).22 


CH3CH2CH2CI  +  AICI3  - ►  CH2CH2CH2+  +  AlCU- 

jr  , 

(CH3)2CH+ 


It  has  been  observed  that  benzene  reacts  with  n-propyl  chloride  in  the 
cold  to  yield  chiefly  n-propylbenzene,  whereas  at  higher  temperatures 
cumene  becomes  the  chief  product.23  n-Butyl  chloride  gives  secondary 
and  tertiary  butyl  derivatives. 

Fundamental  decomposition  of  radicals  has  been  observed  in  certain 
reactions  in  the  furan  series.  In  the  alkylation  of  ethyl  5-bromo-2- 
furoate,  any  alkyl  halide  with  more  than  four  carbon  atoms  gives  eth\  1 
5-bromo-44-butyl  furoate.  Even  n-octadecyl  bromide  yields  this  same 
£-butyl  derivative. 


CH - CH 


CCO2C2H5 


BrC 


\  / 


O 


However,  if  the  5  position  is  open,  as  in  ethyl  furoate,  the  reaction  pro- 
ceeds  normally.  On  the  other  hand,  it  has  been  reported  that  1-bromo- 
ootorinnnnp  nrifl  other  lonsr-chain  normal  alkyl  bromides  can  be  con- 
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If  the  alkylating  agent  and  catalyst  in  a  given  reaction  are  very  re¬ 
active  and  the  aromatic  compound  is  relatively  inert,  extensive  degiada- 
tion  or  polymerization  of  the  alkylating  agent  may  occur.  If  the  aro¬ 
matic  compound  is  very  reactive  toward  the  catalyst  and  the  alkylating 
agent  is  relatively  inert,  decomposition  of  the  aromatic  compound  may 
take  precedence  over  alkylation.  Naphthalene,  for  example,  reacts  in 
the  presence  of  aluminum  chloride  to  form  binaphthyls.  For  this  reason 
methylation  of  naphthalene  can  be  accomplished  only  in  low  yields  (OR 
3,  1). 

Orientation  of  Alkyl  Groups.  One  remarkable  feature  of  alkylation  is 
that  a  second  alkyl  group  often  enters  a  position  meta  to  that  of  the  first 
in  spite  of  the  fact  that  alkyl  groups  are  ortho, para- directing.  For  ex¬ 
ample,  mesitylene,  1,3,5-triethylbenzene,  and  1,3, 5-triisopropylbenzene 
can  be  prepared  by  the  Friedel-Crafts  method  if  a  large  amount  of  the 
catalyst  is  employed.  In  the  preparation  of  mesitylene  one  mole  of 
benzene  is  condensed  with  three  moles  of  a  methyl  halide  in  the  presence 
of  two  moles  of  aluminum  chloride. 


C6H6  +  3CH3X 


ch3 


CHc 


V 


C'H- 


+  3HX 


Mesitylene,  1,3,5-triethylbenzene,  and  1,3,5-triisopropylbenzene  have 
been  obtained  in  high  yields  also  by  use  of  the  alcohols  in  place  of  the 
usual  alkyl  halides.  When  alcohols  are  employed,  the  amount  of  cat¬ 
alyst  must  be  greatly  increased. 

.  In  certain  instances  monoalkylation  leads  to  satisfactory  yields.  This 
is  true  for  the  introduction  of  the  f-butyl  group  into  naphthalene. 


(GH3)3CC1  -f-  C10H8 


A1C13 

0° 


\x' \ZC(CHs)3 


4 


In  nearly  all  cases,  alkylation  of  naphthalene  produces  chiefly  the  bet 

SCL  SESr* - — •  »  m  42 

meta  substitution  predominates  (p  294)  Pr°CeSS  als 

"t  » 

earned  out  at  /0  and  at  a  pressure  of  70  lb 
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per  sq.  in.,  the  product  consists  of  20%  of  the  o-chloroethylbenzene  and 
80%  of  the  meta  isomer. 


C6H5C1  +  CH2=CH2 


AlCls 


Cl 

/\c,H 


2n5 


and 


20% 


Cl 


^v/C2H5 

80% 


The  reaction  is  reversible  if  the  hydrogen  chloride  is  not  allowed  to  es¬ 
cape  (pressure).  It  is  not  certain  that  the  alkyl  group  enters  the  meta 
position  of  chlorobenzene  directly. 

In  this  connection  should  be  mentioned  the  observation  that,  when 
p-di-n-propylbenzene  is  heated  at  100°  for  2  hours  with  aluminum  chlo¬ 
ride,  it  undergoes  extensive  isomerization.  The  chief  product  is  ra-di- 
n-propylbenzene.26 

Tetralin,  when  treated  with  aluminum  chloride,  undergoes  a  trans¬ 
formation  which  is  reminiscent  of  the  Jacobsen  reaction  (p.  582);  it  is 
converted  to  benzene,  octahydroanthracene,  and  octahydrophe- 
nanthrene.27 


V\/ 


/\  CH2CH2CH2CH2  /NY 


Aicij 


V 


AlCli 


w 


Rearrangement  is  not  limited  to  alkyl  radical.  Aryl  groups  also 
mierate  under  the  influence  of  aluminum  chloride.  o-Terpheny  v 
observed  to  rearrange  under  these  conditions  to  the  meta  and  para  .so- 

mers.28 

*  Baddeley  and  Kenner,  J.  Chem.  Soc.,  303  <'935)- 

»  Barbot,  Bull.  soc.  chim.,  (4),  47,  1314  (103  K 

28  Allen  and  Pingert,  J.  Am.  Chem.  Soc.,  64,  1365  (1942). 
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The  Claisen  Rearrangement 

One  of  the  most  interesting  methods  of  obtaining  alkylated  phenols  is 
by  rearrangement  of  certain  aryl  ethers  (OR  2,  1).  4  his  reaction,  known 
as  the  Claisen  rearrangement,  takes  place  when  allyl  ethers  of  phenols  or 
enols  are  heated.  An  illustration  is  the  isomerization  of  allyl  phenyl 
ether  to  2-allylphenol. 


OCHoCH=CH2 

A 

V 


OH 

/\ch2ch=ch2 

V 


For  simple  allyl  aryl  ethers  that  have  boiling  points  not  far  above  200°, 
the  method  is  to  heat  the  compound  at  its  boiling  point  until  a  constant 
boiling  point  is  reached.  The  reaction  is  unusual  in  that  it  requires  no 
catalyst. 

o-Eugenol  is  made  in  a  90%  yield  by  the  rearrangement  of  guaiacol 
allyl  ether  (OS  25,  49). 


/\och2ch=ch: 

^och3 


ch2ch=ch2 

f^NoH 


V 


OCH, 


Allylation  of  diethylstilbestrol  and  hexestrol  affords  other  examples 
of  uncommon  interest.  Rearrangement  of  the  diallyl  ether  of  diethyl- 
stilbestrol,  for  example,  occurs  when  a  solution  of  the  compound  in  di- 

ethylaniline  (b.p.  218°)  is  heated  under  reflux  for  4  hours  in  an  atmos¬ 
phere  of  nitrogen.29 

C2H5  c2h5 

CH2=CHCH20<^3>C_i^3^ocH2CH=CH2  - ► 


v  2^5  V2X15 


HO< 


ch2=chch2/ 


3°- 


=c<\  ^>OH 

xCH2CH=CH2 

Although  the  rearrangement  has  been  used  chiefly  in  the  aromatic 
senes,  lt  is  known  to  occur  also  with  aliphatic  compounds.  An  example 

-9  Kaiser  and  Svarz,  J.  Am.  Chem.  Soc .,  68,  636  (1946). 
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is  the  rearrangement  of  ethyl  O-allylacetoacetate  to  ethyl  C-allylaceto- 


acetate. 


CH2CH=CH2 


OCH2CH=CH2 

ch3c=chco2c2h5  '  ch3cochco2c2h5 

The  rearrangement  of  ethyl  O-cinnamylacetoacetate  is  of  especial  in¬ 
terest  because  the  product  is  not  the  corresponding  C-cinnamyl  deriv¬ 
ative  but  ethyl  C-a-phenylallylacetoacetate. 

OCH2CH=CHC6H5 

ch3c=chco2c2h5 

Ethyl  O-cinnamyl- 


c6h5chch=ch2 

4  CH3COCHC02COH5 

Ethyl  C-a-phenyl- 
allylacetoacetate 


acetoacetate 

This  phenomenon  is  known  as  inversion  and  is  of  very  common  occur¬ 
rence.  It  is  invariable  in  the  rearrangement  to  the  ortho  position.  This 
fact  has  been  used  in  devising  a  mechanism  for  the  reaction  in  which  it 
is  assumed  that  the  allyl  ether  takes  a  position  in  which  the  7-carbon 
atom  is  very  near  an  ortho  carbon  atom.  The  following  changes  are 

postulated. 


O 


H 

\ 


V 


ch2ch=ch2 


OH 

/V 


ch2ch = ch2 


Although  rearrangement  normally  is  to  an  ortho  position  if  one  is  open, 
migration  to  the  para  position  is  also  observed.  o-Acetamidophenyl 
allyl  ether,  for  example,  yields  both  the  ortho  and  para  allyl  phenols. 

qjj  och2ch=ch2 

ch2=chch2/\nhcoch3  /\nhcoch: 


V 


s/ 


OH 

/NnHCOCH; 


S/ 

ch2ch=ch2 


,  •  f  ether  like  all  others  in  which  migra- 

„ *  icssss  “  - — p»««  b  «p».  » . 

so  Tiffany,  J.  Am.  Chem.  Soc .,  70,  592  (1948). 
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strongly  ortho, para- directing  group  in  the  other  ortho  position.  Only  one 
example  has  been  reported  of  inversion  involving  rearrangement  to  the 
para  position;  the  following  isomers  undergo  rearrangement  to  the  same 

product. 


OCH2CH=CHCH2CH3 

ch3/\co2ch3 


V 


ch2ch3 

ochch=ch2 

I 

ch3/Nco2ch3 

V 


OH 

ch3/\co2ch3 

k/ 

ch2ch=chch2ch3 


Rearrangement  to  the  para  position  is  probably  to  be  regarded  as  an 
example  of  ally  lie  replacement  in  which  inversion  may  or  may  not  occur; 
the  shift  to  the  ortho  position,  on  the  other  hand,  seems  to  call  for  a 
special  mechanism  such  as  that  involving  a  quasi  six-membered  ring. 

A  rearrangement  was  discovered  by  Cope  in  which  an  allyl  group 
migrates  from  carbon  to  carbon.31  An  example  is  the  rearrangement 
of  ethyl  ( 1  -me thy lpropenyl)  allylcy anoacetate  to  ethyl  (1,2-dimethyl- 
4-pentenylidene)  cy  anoacetate. 

CH3  ?hvcn 

CH3CH=Cx  /CN  ch3ch-c=c 

C  - i  ch2=chch2  C02C2Hs 

ch2=chch/  nC02C2H5 


Similar  rearrangements  have  been  observed  in  the  malonic  ester  and 

malononitrile  series.  An  example  of  the  first  type  is  the  transformation 

of  ethyl  allylpropenylmalonate  into  ethyl  (2-methyl-4-pentenylidene)- 
malonate. 


CH3CH=CHx  yC02C2U- 

c 

ch2=chch2/  vco2c2h5 


ch3chch=c 


/ 


co2c2h5 


ch2=chch2  xco2c2h. 


In  the  malononitrile  series  allyl-l-cyclohexenylmalononitrile 
transformed  into  2-allylcyclohexylidenemalononitrile. 

31  Cope,  Hoyle,  and  Heyl,  J.  Am.  Chem.  Soc.,  63,  1843  (1941). 
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/CN 

-C 

|  XCN 

ch2ch=ch2 


/ 


CN 


/Nv-Q 

XCN 

ch3ch=ch2 


This  rearrangement  is  considered  here  because  it  is  very  similar  to  the 
Claisen  reaction,  the  difference  being  that  the  allyl  group  migrates  from 
carbon  instead  of  oxygen.  In  both  cases  the  reaction  is  intramolecular 
and  of  the  first  order.  Another  point  of  similarity  is  that  the  allyl  group 
may  undergo  inversion  during  the  rearrangement,  as  has  been  demon¬ 
strated  by  the  rearrangement  of  ethyl  crotylisopropenylmalonate  and 
ethyl  crotyl-(l-methylpropenyl)cyanoacetate.  In  each  reaction  inver¬ 
sion  of  the  crotyl  group  was  observed. 


ch3 

CH2=Cx  /C02C2H5 
C 

ch3ch=chch/  xco2c2h5 

ch3 

CH3CH=Cn  /CN 

c 

ch3ch=chch/  nco2c2h5 


ciCco2c2h, 

ch2c=c 

I  xx>2c2h5 

ch3chch=ch2 

9H3/CN 

ch3ch-c=c 

I  nco2c2h5 

ch3chch=ch2 


The  rearrangement  of  certain  allylamine  oxides  appears  to  be  similai 
to  those  just  described.  An  intramolecular  mechanism  has  been 

proposed.32 


CH3 

C6H5N— 


->0 


ch3 

c6h5n— 


-o 


ch2  chch3 

\  Z' 

CH 


ch2  chch3 

\  / 

CH 


Reaction  of  Phenols  with  Formaldehyde 

The  reaction  between  phenols  and  formaldehyde,  if  carefully  con¬ 
trolled  may  serve  to  produce  relatively  simple  alkylation  products.  Th 
’  known  as  the  Lederer-Manasse  reaction,  is  brought  about  >y 

use  raikahne  catalysts  and  affords  many 

isfactory  yields.  An  example  is  the  conversion  of  o-ethylphenol  to 
methylol  derivative.33 

32  Kleinschmidt  and  Cope,  J.  Am. _CAem.  Soe^  66,  1929  (1944). 

33  Ruderman,  J.  Am.  Chem.  Soc.,  70,  1662  (1948). 
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C2H5 


OH 

AX 


OH 


+  2CH20 


NaOH  C2H  5f' 


/NcHoOH 


V 


ch2oh 


In  acid  media  the  methylol  compound  reacts  with  unchanged  phenol 
to  yield  diarylmethane  derivatives.  An  example  is  the  condensation  of 
2-naphthol  with  formaldehyde  in  the  presence  of  hydrochloric  acid. 
This  reaction  has  been  used  as  a  test  lor  the  presence  of  traces  of  formal¬ 
dehyde. 


W 


He)  X/X/"011 

+  ch2o  »  ch2  +  h2o 

OH  y\  A 


W 

Methylenedisalicylic  acid,  which  has  found  extensive  use  in  the 
synthesis  of  alkyd  resins  (p.  608),  is  made  similarly.34 

/ \co2h  ho2c/^ch2/\co2h 


V 


OH 


+  ch2o 


HO 


V  V 


OH 


+  h2o 


A  remarkable  example  of  C-methylation  of  a  phenol,  which  appears  to 

involve  formaldehyde  as  an  intermediate,  consists  in  the  conversion  of 

resorcinol  into  dihydroxymesitylene  by  treatment  with  a  methanolic 

solution  of  sodium  methoxide.35  ptJ 

bh3 

^\0H  /\oH 


V 

OH 


CH; 


CHc 


OH 


Similarly,  2-naphthol  yields  l-methyl-2-naphthol. 

CH3 


w 


w 


34 Eng.  Chem.,  News  Ed.,  23,  288  (1945). 

Comforth,  Cornforth,  and  Robinson,  J.  Chem.  Soc.,  682  (1942). 
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It  has  been  postulated  that  formaldehyde,  formed  by  oxidation  of  the 
methanol,  is  the  primary  reactant  and  that  the  methylol  compound, 
formed  from  it  and  the  phenol,  is  subsequently  reduced. 

Procedures  have  been  developed  for  the  introduction  of  aminomethyl 
groups  in  a  manner  not  unlike  that  employed  in  Mannich  condensations 
(p.  452),  the  reactants  being  a  phenol,  formaldehyde,  and  an  amine. 
For  example,  if  the  reaction  is  carried  out  in  the  presence  of  a  non¬ 
aromatic,  secondary  amine,  phenol  yields  a  trisubstituted  derivative.36 


OH 

A 

V 


+  3CH20  +  3(CH3)2NH 


OH 


(CH3)2NCH2(XCH2N  (Chs)2 


3H20 


CH2N(CH3)2 

Hydrogenolysis  removes  the  amino  groups,  yielding  mesitol. 

Another  example  is  the  conversion  of  3,5-dimethylphenol,  a  com¬ 
mercial  product,  into  2,3,5-trimethylphenol. 

OH  OH  OH 

/\  r^CH2N(CH3)2  h2  r  >iCH3 

CH3s 


ch3 


\/ 


CHr 


CH: 


ch3 


X/ 


ch3 


36 


Bruson  and  MacMullen,  J.  Am.  Chem.  Soc.,  63,  270  (1941). 
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The  Friedel-C rafts  and  related  reactions  are  widely  used  in  the 
acylation  of  aromatic  compounds,  i.e.,  in  the  synthesis  of  aldehydes  and 
ketones.  Acylation  is  of  very  great  practical  value  because  of  the  im¬ 
portance  of  the  aryl  ketones  in  industry.  Among  industrially  important 
ketones  made  in  this  way  are  acetophenone,  propiophenone,  benzo- 
phenone,  stearoylbenzene,  a-chloroacetophenone,  and  caproylresorcinol.1 
The  superiority  of  acylation,  as  compared  to  alkylation,  depends  partly 
on  the  fact  that  acylating  agents  are  in  general  more  reactive  than 
alkylating  agents  and  partly  on  the  fact  that  it  is  ordinarily  not  possible 
to  introduce  more  than  one  acyl  group.  Satisfactory  yields  can  usually 
be  obtained  of  mono  aldehydes  and  ketones,  many  of  these  being  of 
the  order  of  80-98%.  Further,  it  is  characteristic  of  the  Friedel-Crafts 
acylations  that  para  derivatives  are  formed  to  the  virtual  exclusion  of 
the  corresponding  ortho  isomers.  Exceptions  to  this  rule  are  not  un¬ 
known,  however.2 

It  is  to  be  emphasized  that,  whereas  alkylation  usually  requires  only 
small  amounts  of  catalysts,  acylation  calls  for  at  least  a  mole  of  the 
catalyst  for  each  mole  of  product.  The  reason  is  that  the  carbonyl 
compound  which  is  formed  combines  with  the  catalyst. 

The  mechanism  of  acylation  with  acyl  halides  may  be  formulated  as 
follows,  acetyl  chloride  and  benzene  being  employed  as  examples. 


0 

CH3CCI  +  AICI3 
H 


V 


0 

+  ch3c+ 


H 


O 

CH3C+  +  A1CLT 
H  O 

^  — cch3  _h+  /\ 

- ► 

+ 


COCFF 


H 


\/ 


fh“°n  0.ffithe  carb°ny'  ^oup  in  the  acyl  carbonium  ion  enhances 
the  electron  deficiency  of  the  carbon  atom.  For  this  reason  t),7  i 

carbonium  ions  are  more  reactive  than  alkyl  carbonium  ions.  J 

I  pritt°^  En9-  chem.,  News  Ed.,  19,  251  (1941) 

apa,  Schwenk,  and  Klingsberg,  J.  Am.  Chem.  Soc .,  68,  2133  (1946) 
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Acylating  Agents.  The  Friedel-Crafts  method  of  acylation  in  the 
narrowest  sense  involves  the  use  of  acid  halides  and  anhydrides,  which 
react  with  aromatic  compounds  in  the  presence  of  anhydrous  aluminum 
chloride  to  produce  ketones.  For  example,  the  reaction  of  bromobenzene 
with  acetic  anhydride  affords  p-bromoacetophenone  in  a  79%  yield 
(OS  I,  109). 

C6H5Br  +  (CH3C0)20  -^4  Br%%>COCH,  +  CH3C02H 

In  a  similar  way  ethylbenzene  reacts  with  acetyl  chloride  to  give  p- 
ethylacetophenone. 

In  the  acetylation  of  p-cymene  by  aeetyl  chloride,  as  in  other  substitu¬ 
tion  reactions  (p.  298),  the  entering  group  takes  a  position  adjacent  to 
the  methyl  group  rather  than  the  isopropyl  group  (OS  II,  3;  55%  yield). 

CH3  CH3 


+  ch3coci  -^4 


/\COCH; 


V 

CH(CH3)2 


+  HCl 


V 

CH(CH3)2 


Benzoyl  chloride  and  benzene  yield  benzophenone.  A  very  interesting 
and  valuable  modification  of  the  benzoylation  reaction  was  developed  by 
Perrier.  It  consists  in  preparing  the  addition  compound  of  the  acid 
chloride  and  the  catalyst,  which  is  then  allowed  to  react  with  the  hy  ro- 
carbon  The  advantage  lies  chiefly  in  the  fact  that  the  addition  com¬ 
pound  is  soluble  in  carbon  disulfide.  The  acylation  product,  however, 
forms  with  the  catalyst  an  insoluble  addition  compound  which  can  be 
separated  easily  and  converted  to  the  ketone  by  treatment  with  water 
tarry  impurities  remaining  behind  in  the  solvent  The  synthesis  of 
1  benzovlnaphthalene  by  this  method  is  particularly  to  be  recommended, 
itTthe  aluminum  chloride  addition  compound  of  2-benzoylnaph- 
thalene  always  formed  as  a  by-product,  is  soluble  in  carbon  disulfide 
Ld  thus  2-benzoylnaphthalene  does  not  appear  as  a  contaminant  of  the 

o 

-4  (C6H5C)A1C14 


product. 

C6H5C0C1  +  AICI3 

O 

(C6H5C)AlCl4  +  CioII8 
C10H7 

c6h5co-*aici3  +  h20 


C10H7 

C6H5C0-*A1C13  +  HCl 


+  Al(OH)Cl2  +  HCl 


COCcHs 
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It  is  especially  to  be  noted  that  the  presence  of  meta-directing  groups 
in  the  acylating  agent  ordinarily  does  not  interfere.  m-Nitrobenzoyl 
chloride,  for  example,  has  been  employed  successfully  in  the  synthesis 
of  m-nitrophenyl  aryl  ketones.  Another  example  is  the  use  of  the  acid 
chlorides  of  the  monoesters  of  dibasic  acids  in  the  preparation  of  keto 
esters  with  long  side  chains. 

An  amino  group  in  the  acylating  agent  can  be  protected  by  attaching 
a  p-toluenesulfonyl  (tosyl)  group,  which  is  removed  after  the  Friedel- 
Crafts  reaction  has  been  realized.  The  synthesis  of  2-aminobenzophenone 
from  anthranilic  acid  is  illustrative.3 


/\  co2h 

V^NH2 


/\cOoR 


^JNHSCV 
/Ncoci 


>GH; 


V 


NHS02< 


/\coc6h. 


3ch‘ 


V 


nhso2< 


>CPh 


fAcOC6H5 

nh2 


As  would  be  expected,  acid  chlorides  of  dibasic  acids  yield  diketones. 
Phosgene,  for  example,  can  be  condensed  with  aromatic  compounds  to 

give  symmetrical  diaryl  ketones  such  as  Michler’s  ketone,  derived  from 
dimethylaniline. 

2C6H5N(CH3)2  +  COCI2  - ► 

(CH3)2N^3c0<(3n(CH3)2  +  2HC1 

Ox-alyl  chloride  might  be  expected  to  condense  with  aromatic  com- 
pounds  to  yield  benzils.  Actually  this  type  of  synthesis  is  realized  only 
with  extreme  y  sensitive  aromatic  nuclei  such  as  that  of  anisole.  Usually 

Phthalyl  chloride  behaves  in  an  anomalous  fashion-  instead  of  th„ 
expected  o-diaroylbenzenes  it  yields  the  isomeric  diaryShahdt 
enzene,  oi  example,  the  product  is  diphenylphthalide. 

^N-CCh 


V 


COC1 

COCI 


AlCh 


V 


12 
>0 
-CO 


-C(C6H52 
>0 
CO 


8  Simpson,  Atkinson,  Schofield,  and  Stephenson,  J.  Chern.  Soc.,  646  (1945) 
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The  chloride  is  known  to  exist  in  two  forms,  the  normal  form  being 
changed  to  the  pseudo  form  in  the  presence  of  aluminum  chloride  (OS 
II,  528).  Thus  Friedel-Crafts  reactions  involve  the  pseudo  form  almost 
exclusively.  Fumaryl  chloride,  on  the  other  hand,  is  incapable  of  exist¬ 
ing  in  a  pseudo  form  and  reacts  normally.  With  benzene,  for  example, 
it  gives  an  83%  yield  of  irans-dibenzoylethylene  (OS  20,  29). 

The  acid  chlorides  of  saturated  dibasic  acids  above  glutaric  afford  the 
corresponding  diketones  in  satisfactory  yields.  From  adipyl  chloride, 
for  example,  1,4-dibenzoylbutane  can  be  prepared  in  an  81%  yield  (OS 
II,  169). 

The  similarity  in  behavior  of  acid  chlorides  and  anhydrides  (p.  193) 
is  encountered  also  in  Friedel-Crafts  acylations.  Acetic  anhydiide,  foi 
example,  reacts  readily  with  benzene  to  give  acetophenone. 

(CH3C0)20  +  c6h0  —  CH3COCcH6  +  ch3co2h  . 

Ketene  behaves  as  an  anhydride  of  acetic  acid,  yielding  acetophenone 
with  benzene.  When  it  is  recalled  that  acid  halides  themselves  are  actu¬ 
ally  mixed  anhydrides,  the  similarity  of  the  behavior  of  these  compounds 

with  that  of  anhydrides  is  understandable. 

This  type  of  reaction  can  be  used  also  with  cyclic  anhydrides  such  as 
succinic  and  phthalic  anhydrides  (OR  5,  229).  With  benzene  they 
furnish,  respectively,  /3-ben  zoylpropionic  acid  (OS  II,  81,  %  yie  1 

and  o-benzoylbenzoic  acid. 


CH%>  +  C6Ha  C6H5C0CH2CH2C02H 


CHoCO 

/\co 


V 


A1CU 

yo  T  CgHe  1 

CO 


/\coc6h5 


V 


co2h 


Another  example  of  succinoylation  is  the  formation  of /3-(3-acenaphthoyl)- 
propionic  acid  from  acenaphthene  (OS  20,  1;  81%  yield). 

C0CH2CH2C02H 

/\/S  CH2CO  AlCla 

+  I  >0  - > 

ch2co 

h2c- 


H,C — CH2 


GIT- 


The  condensation  of 

5^1"  «%on.  Maleic  -hydride  e»  I*  »  * 
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similar  manner  to  prepare  0-aroylacrylic  acids.  An  example  is  0- 
benzoylacrylic  acid,  which  can  be  made  in  an  85%  yield  (OS  29,  11). 

CHCO  AlCh 

C6h6  +  II  >0  — -4  c6h5coch=chco2h 
CHCO 


With  anhydrides  it  is  necessary  to  employ  at  least  two  moles  of  aluminum 
chloride. 

The  acylation  of  very  reactive  aryl  ethers  may  be  effected  in  the 
presence  of  haloacetic  acids.  The  conversion  of  anisole  to  p-methoxy- 
acetophenone,  for  instance,  takes  place  in  a  91%  yield  when  acetic 
anhydride  and  anisole  are  allowed  to  react  in  the  presence  of  trifluoro- 
acetic  acid.4 

Aromatic  Compounds.  The  Friedel-Crafts  type  of  acylation,  like 
alkylation,  is  general  for  the  more  reactive  types  of  aromatic  compounds, 
i.e.,  for  the  hydrocarbons  themselves  and  their  derivatives  which  have 
ortho, pom-directing  groups.  The  acylation  reaction  cannot  be  used  with 
primary  or  secondary  amines,  of  course,  but  it  is  useful  with  anilides. 
Acetanilide  reacts  with  chloroacetyl  chloride  to  give  p-chloroacetyl- 
acetanilide  in  an  83%  yield  (OS  28,  26).  In  the  anilides  the  nitrogen 
atom  is  practically  neutral  and  has  lost  most  of  its  power  to  coordinate 
with  the  catalyst.  Carbazole,  in  which  the  nitrogen  atom  is  neutral, 
likewise  undergoes  nuclear  acylation.  However,  it  is  peculiar  in  that 
monoacylation  products  cannot  be  isolated;  only  the  3,6-diacyl  deriva¬ 
tives  are  produced.  For  example,  when  treated  with  acetyl  bromide 
in  the  piesence  of  aluminum  chloride,  carbazole  yields  3,6-diacetyl- 
carbazole.5 


/V 


N 

I 

a 


+  2CH3COBr 


cs2 


CH3C0 


/\ _ /\ 


* 


COCH3 


+  2HBr 


H 


Groups  such  as  nitro,  keto,  sulfo,  and  cyano,  since  they  stabilize  the 
g,  generally  prevent  the  Friedel-Crafts  reaction  from  taking  place. 


b  Newman,  J.  Am.  Chem.  Soc .,  67,  345  (1945). 

5  Plant,  Rogers,  and  Williams,  J.  Chem.  Soc.,  741  (1935). 
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Nitrobenzene  and  methyl  benzoate,  for  example,  will  not  react.  Alde¬ 
hydes  and  ketones  in  general  are  likewise  unreactive.  This  inhibition 
explains  the  observation  that  in  general  only  one  acyl  group  can  be 
introduced  and  the  consequent  ease  of  obtaining  pure  products  in 
relatively  high  yields.  This  consideration  shows  also  why  in  the  syn¬ 
thesis  of  1-tetralone  the  Clemmensen  reduction  precedes  ring  closure 
(p.  398).  However,  if  an  activating  group  is  present,  reaction  may 
proceed.  o-Nitroanisole,  for  example,  can  be  acetylated  readily. 


CH3o/  +  CH3COCI 

NOT 


AICI3 

cs2 


♦  ch3o<%> 
no2 


COCH3  +  HC1 


Certain  highly  alkylated,  and  therefore  extraordinarily  reactive,  ketones 
also  undergo  acylation  in  this  manner.  Acetomesitylene,  foi  example, 
has  been  converted  to  diacetylmesitylene. 

Naphthalene  undergoes  diacylation.  In  acenaphthene  and  biphenyl 
both  rings  likewise  may  be  involved.  Acetyl  chloride  and  chloroacetyl 
chloride  for  example  yield,  respectively,  4,4'-diacetylbiphenyl  and 

4,4'-dichloroacetylbiphenyl.6  .  • 

Substitution  of  fluorene  has  attracted  attention  because  it  occurs  at 
the  2  rather  than  the  3  position  (p.  292).  Acetylation  is  no  exception; 
acetic  anhydride  in  the  presence  of  aluminum  chloride  affords  2-acet} 

fluorene  in  a  63%  yield  (OS  28,  3). 


- A]  AlClj 

+  (CH3C0)20  - ► 


/X 


+  CH3CO2H 


COCH3 


Acylation 

e.er,  deacylabon  “  lympj  phosphoric  mid  convert.  aeeto- 

acetomesitylene.  Heating  y  aiso  when  attempts  are 

mesitylene  inn,  acetic  a«u  and  « '  '  t„t, 

„ad.  to introduce  ,  amend  yield. 

S"S“p but  dipropionylmesitylene,  the  -yl 
6  Silver  and  Lowy,  J.  Am.  Chem.  Soc.,  66,  2429  (1934). 
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group  being  displaced.  This  type  of  reaction  can  be  explained  by 
assuming  that  in  such  cases  acylation  is  reversible. 

As  would  be  expected,  acylation  is  successful  only  with  the  more  reac¬ 
tive  aromatic  heterocycles.  Thiophene,  which  is  difficult  to  alkylate 
by  the  Friedel-Crafts  method,  can  be  acylated  readily.  This  difference 
appears  to  be  due  to  the  fact  that  acylating  agents  are  more  reactive 
than  alkylating  agents.  2-Acetothienone  is  formed  in  an  83%  yield 
when  thiophene  is  treated  with  acetyl  chloride  in  the  presence  of  stannic 
chloride  (OS  II,  8).  Another  method  for  making  this  ketone  is  to  con¬ 
dense  thiophene  with  acetic  anhydride  in  the  presence  of  85%  phosphoric 
acid  (OS  28,  1;  79%  yield).  Similarly,  phenyl  thienyl  ketone  can  be 
prepared  in  a  90%  yield  from  thiophene  and  benzoyl  chloride  in  the 
presence  of  aluminum  chloride  (OS  II,  520). 

When  furan  is  treated  with  acetic  anhydride  in  the  presence  of  ortho- 
phosphoric  acid,  2-acetylfuran  is  obtained  in  a  62%  yield. 


CH - CH 

II  II  +  (CH3C0)20 

CH  CH 

\  / 
o 


CH - CH 

||  II  +  CH3C02H 

CH  CCOCH3 

\  / 

0 


Orthophosphoric  acid  is  an  effective  catalyst  for  furans  and  thiophenes 
in  general.  By  use  of  phosphorus  pentoxide  as  the  catalyst,  acylation 
may  be  realized  with  the  carboxylic  acids  themselves.  By  this  method 
2-benzoylthiophene,  for  example,  can  be  made  in  a  66%  yield.7 

2-Acetylfuran  has  been  prepared  also  by  the  interaction  of  furan  and 
acetic  anhydride  in  the  presence  of  a  boron  trifluoride-etherate  catalyst.8 

Pyridine  and  quinoline  by  contrast  are  very  resistant  to  acylation  by 
the  Friedel-Crafts  method  or,  for  that  matter,  by  any  other  method. 

Solvents.  The  Friedel-Crafts  reaction,  whether  for  alkylation  or 
acylation,  is  usually  carried  out  in  the  presence  of  carbon  disulfide  as 
solvent.  If  one  of  the  reactants  is  a  liquid  hydrocarbon  such  as  benzene 
it  may  serve  as  the  solvent  as  well.  Petroleum  ether  is  also  employed 
frequently.  Ethylene  chloride  and  methylene  chloride  are  still  better 
solvents.  Nitrobenzene  is  useful  not  only  because  of  its  solvent  power 
but  also  because  it  forms  an  addition  complex  with  aluminum  chloride 
and  in  this  way  ameliorates  the  action  of  the  catalyst.  The  course  of 
the  reaction  is  m  some  instances  greatly  affected  by  the  solvent  The 
acylation  of  naphthalene  with  acetyl  chloride  in  such  solvents  as  ethvlene 
ci  onde  and  carbon  disulfide  yields  chiefly  1-acetonaphthone,  whereas 

7  Hartough  and  Kosak,  J.  Am.  Ckem.  Soc.,  69,  3098  (1947). 

Held  and  Levine,  J .  Org.  Chem.,  13,  409  (1948). 
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in  nitrobenzene  or  nitromesitylene  the  product  is  predominantly  the 
2  isomer.  This  method  of  obtaining  2-acylnaphthalenes  is  very  im¬ 
portant,  since  it  is  about  the  only  satisfactory  one  for  the  direct  intro¬ 
duction  of  a  side  chain  into  this  position. 


C10H8  +  CH3COCI 


AlCh 

c6h5no2  * 


w 


COCH3 


+  HC1 


The  formation  of  2-acylnaphthalenes  is  favored  also  by  use  of  an 
excess  of  the  acylating  agents.  A  possible  reason  for  the  preferential 
attack  at  the  2  position  is  steric  hindrance  since  the  solvents  that  favor 
it  form  bulky  complexes  with  the  acylating  agent.9 


The  Method  of  Gattermann  and  Koch 

Formylation,  or  the  introduction  of  the  aldehyde  group,  would  be 
expected  to  take  place  when  formyl  chloride  or  formic  anhydride  is 
allowed  to  react  with  an  aromatic  compound  in  the  presence  of  aluminum 
chloride  or  other  catalyst  of  the  Friedel-Crafts  type.  However,  neither 
the  acid  chloride  nor  anhydride  of  formic  acid  is  known.  Nonetheless, 
in  the  presence  of  aluminum  chloride  and  a  small  amount  of  cuprous 
halide,  a  mixture  of  hydrogen  chloride  and  carbon  monoxide  can  serve 
as  a  formylating  agent,  acting  as  formyl  chloride  would  be  expected  to 
do.  The  process,  developed  by  Gattermann  and  Koch  (OR  5,  290), 
may  be  illustrated  by  the  synthesis  of  p-tolualdehyde  (OS  II,  583;  51% 

yield) . 

C6H5CH3  +  [HC-C1]  -^4  ch3<Z>CH0  +  HC1 


Current  theories  suggest  that  the  existence  of  formyl  chloride  is  not 
necessary,  since  the  actual  alkylating  agent  (HC-O)  could  be  produce 

by  adding  a  proton  to  carbon  monoxide.  One  of  the  principal  practical 
dffficulties  involved  in  the  use  of  this  method  is  that  of  obtaining  an 
equimolecular  mixture  of  anhydrous  hydrogen  chloride  and  carbon 
monoxide.  A  superior  procedure  consists  in  dropping  chlorosulfomc  acid 

on  formic  acid.10 


HSO3CI  +  HCO2II  - ♦  HC1  +  C°  +  H2S°4 

9  Baddelcy,  J-  Chem.  Soc.,  S99  (1949). 

10  Bert,  Compt.  rend.,  221,  77  (194o). 


THE  GATTERMANN  ALDEHYDE  SYNTHESIS 


341 


The  Gattermann  Aldehyde  Synthesis 

A  number  of  condensation  reactions,  which  resemble  the  Friedel- 
Crafts  very  closely,  involve  cyano  compounds.  In  one  of  the  methods 
an  aromatic  compound  is  allowed  to  react  with  a  mixture  of  hydiogen 
cyanide  and  hydrogen  chloride  in  the  presence  of  zinc  chloride.  The 
preparation  of  /3-resorcylaldehyde  is  an  example. 


/\()H 

OH 


CHO 

%OH 

V 

OH 


This  type  of  procedure,  developed  by  Gattermann,  brings  about  what 
is  in  effect  a  formylation. 

A  useful  modification  of  the  method  consists  in  the  introduction  of 
zinc  cyanide,  from  which  the  hydrogen  cyanide  is  generated  in  the 
reaction  vessel  by  the  addition  of  hydrogen  chloride.  Zinc  chloride, 
the  catalyst,  is  produced  at  the  same  time. 

Zn(CN)2  +  2HC1  - >  ZnCl2  +  2HCN 


This  procedure  has  a  very  great  advantage  in  that  it  obviates  the  han¬ 
dling  of  hydrogen  cyanide.  If  the  zinc  chloride  is  not  a  sufficiently 
strong  catalyst,  aluminum  chloride  is  added,  the  presence  of  zinc  chlo¬ 
ride  doing  no  harm.  The  yields  by  this  method  are  generally  about 
80%.  Mesitaldehyde,  for  example,  can  be  made  in  an  81%  yield  in  this 
way  (OS  23,  57). 


CEL 


CEE 


ch3 


CHO 

ch31^ch3 


ch3 


Curiously,  pure  zinc  chloride  will  not  bring  about  the  reaction;  if 

small  amounts  of  sodium  or  potassium  chloride  are  added,  however 
condensation  occurs. 

When  the  Gattermann  aldehyde  condensation  is  used  with  methvl 
(3- resorcylate,  the  aldehyde  group  is  found  to  be  in  the  3  rather  than  the 

effect' nTTl  7ight  bneuPuCted-  ThiS  reSUlt  has  been  exP’ained  an 
ct  of  chelation,  which  has  been  supposed  to  cause  the  hybrid  to 

leact  as  if  it  possessed  the  Kekule  structure  in  which  a  nuclear  double 
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bond  forms  part  of  the  chelate  ring;  the  entering  group  attacks  the  end 


of  the  double  bond  adjacent  to  the  hydroxyl  group.11 

OH 

OH 

A 

/\cHO 

T? 

+  V"o 

1 

I  I  I 

C  H  a  H 

/  ^  ' 

CHsO  O'  CHsO  o 


The  method  has  been  modified  so  that  it  is  applicable  to  hydrocarbons 
such  as  benzene,  toluene,  and  naphthalene.  In  the  modified  procedure 
hydrogen  cyanide  is  introduced  into  a  suspension  of  aluminum  chloride 
in  a  solvent  such  as  chlorobenzene  or  tetrachloroethylene.  A  complex 
is  formed  which  is  believed  to  be  an  addition  compound  of  aluminum 
chloride  and  chloromethyleneformamidine,  C1CH=NCH=NH-  A1C13. 
The  steps  involved  in  the  modified  aldehyde  synthesis  are  thought  to 
be  the  following.  The  preparation  of  1-naphthaldehyde  is  illustrative. 

CioHs  +  C1CH=NCH=NH-A1C13  - ► 

CioH7CH=NCH=NH-A1C13  +  HC1 


Ci0H7CH=NCH=NH-A1C13  +  3H20  - ¥ 

Ci0H7CHO  +  2NH3  +  HC02H  +  A1C13 

When  condensation  is  carried  out  at  70°  the  yield  of  aldehyde  is  62%.“ 


The  Hoesch  Synthesis 

A  method  of  acylation  closely  related  to  the  Gattermann  synthes  is 
that  developed  by  Hoesch ;  it  consists  in  the  condensation  of  nit 
with  phenols  in  the  presence  of  hydrogen  chloride  and  zinc  chloride 
fOR  5  387)  An  imide  chloride  is  probably  formed  as  an  intermediate. 

SSSA  phlorouetophenone  from  plW—1  -»  - 

an  example  (OS  II,  522).  The  over-all  yield  is  8;  To- 


CH3CN  +  HC1  - »  CH3Cn 


NH 


^C1 


■i  Shah  and  Shah,  J.  Chem.  Soc.  132,  'J49  <'93^g 
n  Hinkel,  Ayling,  and  Beynon,  J.  Chem.  Soc.,  339  (193b). 
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HO 


01 

A 

i 

„NH 

ZnCl2 

ot 

A 

I 

H20 

OH 

A 

+  CH3C 

OH  VC1 

- > 

HO 

V 

OH 

HO 

1 

CH3C=NHHC1 

CH3CO 

OH 


Another  example  is  the  preparation  of  benzyl  l-hydroxy-4-naphthyl 
ketone  from  1-naphthol  and  phenylacetonitrile. 


OH 

A\/\ 


W 


ZnCl2 

+  c6h5ch2cn - ► 


OH 


h2o 


w 

cch2c6h5 

NHHC1 


OH 


w 

COCH2C6H5 


This  reaction  is  general  for  phenols  and  nitriles  and  has  been  used  to 
characterize  the  latter.13 

When  applied  to  trichloroacetonitrile,  this  method  serves  to  produce 
nitriles  as  well  as  ketones.  The  ketimine  formed  initially  may  be 

hydrolyzed  to  a  ketone  in  acid  media,  but  under  the  influence  of  alkalies 
yields  a  nitrile. 


NJJ  aci<H^i 

ArH  +  CI3CCN  — Cl3>  ArCCCls 


O 

ArCCCls 


KOH 


)hN 


ArCN  +  CHCI3 

Cyanation  by  this  method  affords  excellent  yields  with  many  aromatic 

compounds,  including  toluene,  the  xylenes,  and  tetralin.  The  yield  of 
mesitomtrile  is  68%.14  J 


CH< 


CH, 


CHc 


CH3 


NH 

11 

-CCI3 


CH*A 


CH' 


CHs 


14  u°TllS  anc!  i;!ttle’  J‘  Am •  Chem.  Soc.,  54,  2451  (1932). 
ouben  and  Fischer,  Ber.,  66,  339  (1933). 


ch3 

^>CN 

"ch3 
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Formylation  with  N-Formylmethylaniline 

A  scheme  that  is  formally  similar  to  the  preceding  methods  is  formyla¬ 
tion  of  aromatic  compounds  by  the  action  of  N-formylmethylaniline  in 
the  presence  of  phosphorus  oxychloride.  2-Ethoxy- 1-naphthaldehyde 
is  made  in  this  way  in  a  yield  of  84%  (OS  20,  11). 


/\/SoC2H5 


w 


+  C6H5NCHO 
CH, 


P0C13 


CHO 


+  C6H5NHCH3 


W 


9-Anthraldehyde  is  prepared  similarly  (OS  20,  11;  84%  yield). 

Formylation  of  thiophene  and  certain  of  its  homologs  has  been  accom¬ 
plished  also  by  this  method.  For  example,  when  thiophene  is  heated 
with  N-formylmethylaniline  and  phosphorus  oxychloride,  2-thenalde- 
hyde  is  formed  in  a  yield  of  70%. 15 


CH CH  /CHO  pocia 

II  II  +  c6h5n  — - ► 

CH  CH  xCH3 


CH - CH 

T  C6H5NHCH3 

CH  CCHO 


s 


s 


This  method  has  been  found  useful  only  with  highly  active  aromatic 
compounds.16 

The  Fries  Reaction 

Another  variant  of  the  Friedel-C rafts  reaction  is  the  Fries,  which 
consists  in  the  conversion  of  an  ester  of  a  phenol  to  the  corresponding 
0-  or  p-hyclroxy  ketone,  or  a  mixture  of  both,  by  treatment  with  alumi¬ 
num  chloride  (CR  27,  413;  OR  1,  342). 


CcH5OCOR  0-HOC6H4COR  and  p-HOC6H4COR 

The  ester  and  catalyst  are  usually  employed  in  equimolecular  amounts. 

Whether  the  product  is  the  ortho  or  para  derivative  depends  largely 
on  the  temperature  at  which  the  reaction  is  carried  out  For  example 
m-tolyl  acetate  yields  the  para  hydroxy  ketone  at  25  (80 /0), 
at  165°  the  product  (95%)  is  the  ortho  isomer. 

King  and  Nord,  J.  Org.  Chem.,  13,  . 

w  f'ieser  and  Jones,  J.  Am.  Chem.  Soc.,  64,  1666  (1 J42). 
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OCOCH3  25°/ 


CH, 


165°\ 


COCH3 


OH 

r^\cocH3 


Although  it  is  not  always  possible  to  obtain  either  of  the  two  isomers  at 
will,  it  is  generally  true  that  the  formation  of  the  para  isomer  is  favored 
by  low  temperatures.  The  solvent  and  the  amount  of  catalyst  also 
influence  the  nature  of  the  product. 

The  Fries  procedure  is  convenient  and  of  wide  applicability  for  pre¬ 
paring  phenolic  ketones.  An  example  is  the  synthesis  of  0-  and  p- 
propiophenols  from  phenyl  propionate.  At  140-150°  the  yield  of  the 
ortho  isomer  is  35%  and  that  of  the  para  is  50%  (OS  II,  543).  The  use 
of  nitrobenzene  as  solvent  reduces  by  80-100°  the  temperature  necessary 
for  the  reaction  to  proceed  at  a  useful  rate. 

The  reaction  takes  place  with  a  wide  variety  of  types  of  esters,  and 
the  acyl  radical  may  be  either  aliphatic  or  aromatic.  The  following 
order  of  rates  of  reaction  has  been  established  for  the  esters  of  thymol. 

CH3CO  >  C6H5CH2CO  >  C6H5CH2CH2CO 


>  C6H5CH=CHCO  >  C6H5CO 

Mixtures  of  ortho  and  para  hydroxy  ketones  can  often  be  separated 
by  steam  distillation;  the  ortho  compounds,  being  chelated,  are  volatile 
with  steam  (p.  285). 

2, 5-Dihydroxy  acetophenone  can  be  made  in  a  90%  yield  by  heating 
hydroquinone  diacetate  in  the  presence  of  3.3  moles  of  aluminum  chlo¬ 
ride  (OS  28,  42). 


OCOCH3 

OH 

f% 

A 

A 

L/C0CH3 

OCOCH3 

OH 

Hydroquinone  cannot  be  acylated  by  the  Friedel-Crafts  or  Hoesch 
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The  synthesis  of  resacetophenone  by  heating  resorcinol  with  acetic 
acid  and  zinc  chloride  (OS  21,  103;  65%  yield)  or,  better  (91%  yield), 
boron  fluoride  probably  involves  a  Fries  reaction.17 

The  Fries  reaction  is  probably  not  a  true  molecular  rearrangement. 
It  seems  more  likely  that  the  ester  is  cleaved  by  the  reagent  to  the  corre¬ 
sponding  phenol  and  acid  chloride,  which  then  recombine  in  the  normal 
Friedel-Crafts  manner. 

The  explanation  for  the  variation  in  the  ratio  of  isomers  is  probably 
to  be  sought  in  the  reversibility  of  the  para  acetylation  reaction.  In 
favorable  cases  it  has  been  found  possible  to  reverse  the  Fries  reaction 
completely,  p-hydroxyacetophenones  being  isomerized  to  the  corre¬ 
sponding  aryl  acetates.  An  example  is  the  isomerization  of  4-hydroxy- 
2-methylacetophenone  to  ?n-tolyl  acetate.18 

Isomerization  of  a  para  to  an  ortho  isomer  has  been  observed;  4-hy- 
droxy-l-acetonaphthone  when  heated  with  aluminum  chloride  is  con¬ 
verted  to  the  ortho  isomer  in  a  yield  of  about  60%. 19 

On  the  basis  of  the  chelation  theory  it  was  predicted  that  the  Fries 
rearrangement  of  4-acetoxy-2-hydroxy acetophenone  would  give  the 
2,4  rather  than  the  4,6  diacetyl  derivative.  It  was  found  that  the 
product  consisted  of  58%  of  the  2,4  derivative  and  42%  of  the  4,6 
isomer.  This  result  shows  that  chelation  exerts  a  great  orientation 
effect,  since  the  corresponding  methyl  ether  yields  almost  entirely  the 

4,6  derivative.20 


OCOCH3 

/\ 


ch3c  h 

V 


COCH3 


CHsC  H 


o* 


OCOCH3 


OH 


CH3CO 


/\ 


^ /  OCH3 
COCH3 


^^OCH3 

COCH3 


17  Killelea  and  Lindwall,  J.  Am.  Chem.  Soc.,  70,  428  (1948). 

18  Rosenmund  and  Schnurr,  Ann.,  460,  56  (1928). 

19  Stoughton,  J.  Am.  Chem.  Soc.,  67,  202  (1935). 

20  Baker,  J.  Chem.  Soc.,  1684  (1934). 


347 


the  REIMER-TIEMANN  reaction 


Esters  of  enols  undergo  a  rearrangement  analogous  to  the  Fries  reac¬ 
tion,  forming  1,3-diketones.  An  example  is  the  conversion  of  isopropenyl 
acetate  to  acetylacetone. 

CH3CO 

6  CH3COCH2COCH3 

ch3c=ch2 


The  Reimer-Tiemann  Reaction 


Formylation  of  phenols  can  be  effected  by  the  method  of  Reimer  and 
Tiemann;  phenols  react  with  chloroform  in  the  presence  of  alkalies  to 
yield  0-  and  p-hydroxybenzaldehydes.  Salicylaldehyde  is  formed,  for 
example,  from  phenol  and  chloroform. 


C6H5OH  +  CHCI3  +  3KOH 


/\cHO 

U°H 


+  3KC1  +  2H20 


The  mechanism  given  for  this  process  is  very  similar  to  that  used  to 
explain  the  alkylation  of  sodium  enolates  in  general.  Thus  the  reaction 
has  little  in  common  with  those  of  the  Friedel-Crafts  group.  It  gives 
predominantly  ortho  derivatives,  but  para  isomers  are  also  formed. 
Like  the  Hoesch,  the  Reimer-Tiemann  reaction  occurs  only  if  the  aro¬ 
matic  ring  is  very  sensitive.  Nitro,  carboxyl,  or  other  meta-directing 
groups  inhibit  the  reaction.  If  an  ortho  position  is  filled,  the  aldehyde 
group  tends  to  go  to  the  para  position.  An  example  is  the  synthesis  of 
vanillin  from  guaiacol. 


OH 

f^NOCH; 


V 


OH 

^\OCH; 


CHO 


Ileie  the  condensation  appears  to  take  the  following  path. 

O 

OCH3  CHCJ3 


OH 


V 


OCH, 


H  CHCh 


OH 

/\0CH 


OH 


-> 


3  H20 


CHC12 


OCH, 


CHO 
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It  is  believed  that  this  course  is  followed  by  Reimer-Tiemann  reactions 
in  general.  When  carbon  tetrachloride  is  used,  phenolic  acids  are 
produced. 

It  may  be  pointed  out  that  O-alkylation  with  chloroform  or  carbon 
tetrachloride  would  yield  derivatives  which  can  be  broken  down  hy¬ 
drolytically  with  the  regeneration  of  the  phenoxide  ion.  Thus  in  these 
special  instances  only  C-alkylation  can  be  effective.  On  the  other  hand, 
these  alkylating  agents  cannot  be  utilized  for  C-alkylation  with  active 
methylene  compounds,  since  the  products  would  be  enolates  of  aldehydes 
of  types  which  would  revert  to  the  parent  compounds  under  conditions 
favorable  to  alkaline  cleavage. 

Applied  to  6-hydroxy-l,2,3,4-tetrahydronaphthalene,  the  Reimer- 
Tiemann  method  yields  a  mixture  of  compounds  I  and  II. 


CHC12 

/N/\ 


\/\/%o 

1 


/X^CHO 


ch3 


OH 


OH 


II 


III 


Reduction  converts  the  dichloromethyl  derivative  (I)  to  III  and  thus 
provides  a  method  for  introducing  an  angular  methyl  group.21 

2-Hydroxy- 1-naphthaldehyde  can  be  made  from  2-naphthol  in  a  48% 
yield  by  this  method  (OS  22,  63).  It  is  significant  that  in  2-naphthol 
the  entering  group  takes  the  1  position  only,  whereas  in  the  1, 2,3,4- 
tetrahydro  derivative  the  7  position  is  favored,  the  product  being  the 

6,7  isomer  (II).  .  . 

A  method  resembling  that  of  Reimer  and  Tiemann,  involving  the  use 

of  hexamine,  has  been  developed  by  Duff.22  The  procedure  is  to  heat 
the  phenol  from  10  to  30  minutes  at  elevated  temperatures  with  a  mix¬ 
ture  of  hexamine,  boric  acid,  and  glycerol.  The  resulting  dark-brown, 
viscous  liquid  is  acidified  with  dilute  sulfuric  acid,  and  the  aldehyde  is 

isolated  by  steam  distillation. 

c6h5oh  +  (CH2)6N4  — ♦  HOC6H4CH=NCH3  — ►  hoc6h4cho 

Duff  found  that  ortho  substitution  as  well  as  a  small  amount  of  ortho- 
vara  disubstitution  takes  place.  The  yields  are  only  15-20%,  but  the 

£lcu  ™  PU»  «h~  •'>««.''»  *  “d 

the  preparation  requires  less  time  (CR  SX,  U  )■ 

21  Woodward,  J.  Am.  Chem.  Soc.f  62,  120S  (1940). 

22  Duff,  J.  Chem.  Soc.,  547  (1941).  (1045). 

23  Liggett  and  Diehl,  Proc.  Iowa  Acad.  Sci.,  , 


KOLBE’S  REACTION 


349 


Kolbe’s  Reaction 


Certain  hydroxybenzoic  acids  can  be  made  by  the  introduction  of  a 
carboxyl  group  into  a  phenol,  as  illustrated  by  the  use  of  carbon  tetra¬ 
chloride  in  the  Reimer-Tiemann  method.  A  much  better  procedure  for 
this  purpose  is  Schmitt’s  modification  of  the  Kolbe  synthesis.  In  the 
preparation  of  salicylic  acid  by  Kolbe’s  original  procedure  sodium 
phenoxide  was  treated  with  carbon  dioxide  under  pressure  at  180-200°. 
The  method  had  the  disadvantage  that  it  yielded  only  one-half  mole  of 
acid  for  one  mole  of  phenol. 


2C6H5ONa  +  C02 


ONa 

i 

A|C02Na 

V 


+  c6h5oh 


The  Schmitt  modification  avoids  this  loss  of  phenol  by  use  of  a  lower 
temperature  and  a  longer  time  of  reaction.  Schmitt  believed  that  the 
first  stage  of  the  process  involved  the  formation  of  phenyl  sodium 
carbonate,  C6H50C02Na,  which  then  rearranged,  and  that  by  use  of  a 
low  temperature  at  the  outset  the  formation  of  the  carbonate  could  be 
completed  before  rearrangement  began. 

The  conversion  of  two  moles  of  sodium  phenoxide  to  phenol  by  one 
mole  of  salicylic  acid  shows  that  the  phenolic  hydroxyl  group  in  the 
latter  is  more  acidic  than  that  in  phenol,  which  would  be  expected  on 
the  basis  of  vinylogy  (p.  500).  Salicyclic  acid  is  a  vinylog  of  carbonic 
acid;  titration  with  phenolphthalein  as  the  indicator  shows  it  to  be 
monobasic.  In  other  words,  the  mono  sodium  salt  has  an  acidic  strength 
comparable  with  that  of  its  vinylog,  sodium  bicarbonate.  It  is  interest¬ 
ing  that  salicylaldehyde  can  be  titrated  satisfactorily  under  the  same 
conditions. 

The  Kolbe-Schmitt  reaction  proceeds  somewhat  differently  if  the 
potassium  salt  is  used.  At  temperatures  above  100°  isomerization  to 
p-hydroxybenzoic  acid  occurs.  The  latter  is  made  in  an  80%  yield  by 
heating  potassium  salicylate  at  230°  (OS  II,  341). 


OH 

OK 

/\co2k 

A 

k/ 

co2k 

+  CcHsOH  +  C02 
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Reaction  occurs  with  remarkable  ease  when  ortho  or  para  dihydroxy- 
benzenes  are  employed.  Catechol,  for  example,  is  converted  to  proto- 
catechuic  acid  merely  by  heating  with  aqueous  ammonium  carbonate  at 
140°. 


OH 

/\oH 


+  co$ 


OH 

/\0H 


s/ 


co2h 


Similarly,  pyrogallol  yields  pyrogallolcarboxylic  acid. 

OH  OH 

H0/V>H  HO/NOH 

"b  CO2  - ^ 


i 


V 


co2h 


j8-Resorcylic  acid  is  obtained  in  a  yield  of  60%  (OS  II,  557)  by  passing 
a  stream  of  carbon  dioxide  through  a  boiling  aqueous  solution  of  the 
sodium  salt  of  resorcinol,  the  reaction  being  complete  in  30  minutes. 

OH  OH 

/As  /\ 

+  co2  — 

JOH 


V 


\/0H 
co2h 


A  remarkable  example  of  the  Ivolbe-Schmitt  synthesis  is  the  carbona- 
tion  of  2-naphthol.  At  120-145°  under  pressure  the  product  is 
2-hydroxy-l-naphthoic  acid;  at  280-290°  the  product  is  3-hydroxy- 

2-naphthoic  acid.24 

AA  AAco2h 

+  co2 - ► 

JOH  V/AA11' 

The  formation  of  the  2,3  derivative  is  notable  because  substitution  in  the 

3  position  of  2-naphthol  is  exceedingly  rare. 

The  result  suggests  that  the  Kolbe  reaction  is  reversible ,*  that  the 
carboxyl  group  enters  the  alpha  position  readily  but  reversibly,  whereas 
its  introduction  into  the  3  position,  though  difficult,  is  essentia  y  ir¬ 
reversible.  A  similar  explanation  may  be  advanced  for  the  isomerization 
of  potassium  salicylate  to  potassium  p-hydroxybenzoate. 

M  Schmitt  and  Burkard,  Ber.,  20,  2609  (1887);  Mohlau,  Ber.,  28,  3100  (1895). 

26  Morgan,  /.  Soc.  Chem.  Ind.,  60,  104  (1931). 
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The  theory  that  the  Kolbe  reaction  is  reversible  is  consistent  with  the 
observation  that  the  phenolic  acids  that  are  produced  by  the  Kolbe 
method  readily  undergo  thermal  decarboxylation.  It  thus  appears  that 
the  factors  that  facilitate  introduction  of  the  carboxyl  group  make  for  a 
corresponding  ease  of  decarboxylation  of  the  product. 

An  example  is  the  thermal  conversion  of  pyrogallolcarboxylic  acid  to 
pyrogallol.  Naphthoresorcinol  is  formed  in  a  56%  yield  by  boiling 
an  aqueous  solution  of  l,3-dihydroxy-2-naphthoic  acid  for  2  hours  (OS 


25,  75). 


OH 

r^/\C0,H 


OH 

/V\ 


w 


OH 


w 


OH 


+  CO2 


It  is  noteworthy  also  that,  during  nitration,  aromatic  acids  of  this 
type  are  prone  to  suffer  replacement  of  the  carboxyl  group  by  the  nitro 
group.  An  example  is  the  preparation  of  2,4,6-trinitroanisole  by  the 
action  of  a  mixture  of  nitric  and  sulfuric  acids  on  anisic  acid. 


OCHj 


OCH, 
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CHAPTER  XVI 


CARBONYL  COMPOUNDS 


The  tremendous  extent  of  the  study  that  has  been  devoted  to  acyla¬ 
tion  reactions  and  other  methods  of  making  carbonyl  compounds  is 
eloquent  testimony  to  the  importance  of  these  substances.  It  is  ap¬ 
propriate,  therefore,  to  direct  attention  to  their  reactions.  The  salient 
feature  of  the  carbonyl  group  is  that  in  the  polarized  structure,  which 
corresponds  to  its  usual  mode  of  reaction,  the  carbon  atom  carries  a 
positive  charge.  It  is  accordingly  vulnerable  to  the  attack  of  nucleo¬ 
philic  agents,  and  it  is  not  surprising  that  the  typical  carbonyl  reagents 
belong  to  this  category.  Water,  alcohols,  amines,  and  cyanide  ion  are 
examples;  each  contains  at  least  one  unshared  electron  pair. 

H-O-H  R-O-H  R-N-H  [  i  C=N  i]~ 

H 


The  driving  force  of  the  reaction  will  depend  in  part  on  the  availability 
of  the  electron  pair  (the  basicity  of  the  attacking  agent)  and  in  part  on 
the  degree  of  electron  deficiency  of  the  carbonyl  carbon  atom.  As  has 
been  pointed  out  (p.  273),  ortho, para- directing  groups  (with  the  exception 
of  the  halogens)  feed  in  electrons  and  thus  diminish  the  electron  deficit. 
This  phenomenon  accounts  for  the  observation  that  carbonyl  character¬ 
istics  are  very  low  in  acids,  amides,  and  esters. 


0  0  V 

RCOH  RCNH2  RCOR 


On  the  other  hand,  me/a-directing  groups  may  aggravate  the  vul¬ 
nerability  of  the  carbonyl  carbon  atom  by  electron  withdrawal.  I  he  in¬ 
ability  of  one  carbonyl  group  to  supply  electrons  to  another  is  the  reason 
ivhy  twinned  carbonyl  groups  show  enhanced  reactivity  as  compared 
with  isolated  carbonyl  groups.  Incidentally,  they  usually  confer  color 
on  the  molecule;  glyoxal  is  a  green  gas,  diketones  are  yellow  dipheny 
tetraketone  is  a  deep  scarlet,  and  the  cyclic  tnketone,  tetramethyl- 

1  2  3-cvclopentanetrione  (p.  115),  is  blue.1  , 

’  Halogen  atoms  in  alpha  positions  likewise  would  be  expected  to  en¬ 
hance  the  reactivity  of  carbonyl  compounds,  since  they  withdraw  elec- 

1  Shoppee,  J.  Chem.  Soc.,  269  (1936). 
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trons,  thus  increasing  the  electron  deficit  at  the  carbonyl  carbon  atom. 
Such  compounds  as  chloral  and  bromal  do  in  fact  possess  unusually  re¬ 
active  carbonyl  groups. 

Reactivity  falls  off  with  increasing  size  and  complexity  of  the  at¬ 
tached  radicals.  When  these  are  sufficiently  large  and  complex,  the 
carbonyl  group  may  become  almost  inert.  Dimesityl  ketone,  for  ex¬ 
ample,  yields  a  definite  product  only  with  hydrogen. 


CH, 


CH3  ch3 

~\co<^ 


yCH- 


CH,  CH; 


In  many  compounds  the  electronic  and  steric  influences  operate  in  the 
same  direction.  Thus  the  following  series  of  decreasing  activity  is  ob¬ 
served.  TT 

H\  Rx  Rx 

C=0  >  C=0  >  C=0 

H'  H/  R/ 

That  methyl  ketones  are  more  reactive  than  their  higher  homologs  would 
be  predicted  from  a  consideration  of  the  steric  factors  involved.  In  gen¬ 
eral,  reactivity  falls  off  with  increasing  space-filling  capacity  of  the  rad- 

1  PH  |Q 

ch3x  c2ii5x  c2h5x 

CO  >  CO  >  CO 


CH,/ 


CH3/ 


cw 


As  would  be  expected,  conjugation  of  the  carbonyl  group  with  an 
olehmc  linkage  or  an  aryl  radical  diminishes  its  reactivity.  This  reso¬ 
nance  effect  is  pronounced  in  the  aromatic  aldehydes  and  ketones  which 
aie  less  reactive  than  aliphatic  carbonyl  compounds. 

Another  way  in  which  one  might  hope  to  increase  the  reactivity  of  a 
carbonyl  group  is  to  introduce  a  metal  such  as  silver  or  nickel,  which  can 
coordinate  with  the  carbonyl  oxygen  atom  to  effect  electron  withdrawal 

p«,,v.  i,.,  enhanccJ  bs  the 

R 

R-C=0 

R-MgX 
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Tn  this  chapter  the  so-called  carbonyl  reagents  will  be  discussed  with 
the  exception  of  the  Grignard  reagent,  which  was  treated  in  Chapter  VII. 


Reduction 


All  aldehydes  and  ketones  are  capable  of  being  reduced  but  differ 
widely  in  the  conditions  necessary  to  bring  about  the  reaction.  Typical 
procedures  for  the  reduction  involve  tin  and  hydrochloric  acid,  sodium 
amalgam,  iron  and  acetic  acid,  aluminum  amalgam,  sodium  and  moist 
ether,  and  electrolytic  methods.  Under  suitable  conditions  aldehydes 
and  ketones  may  be  hydrogenated  catalytically  to  give  the  corresponding 
alcohols.  This  method  is  very  general,  the  usual  catalysts  being  plat¬ 
inum  and  nickel.  It  is  important,  however,  only  in  the  event  that  the 
alcohol  is  less  readily  obtainable  than  is  the  carbonyl  compound. 

Aromatic  ketones,  available  from  the  various  acylation  procedures, 
are  often  employed  as  sources  of  the  corresponding  alcohols.  Zinc  in 
aqueous  sodium  hydroxide  is  effective  in  such  reductions.  Thus  this  re¬ 
agent  serves  to  reduce  benzophenone  to  benzohydrol  (OS  I,  90;  97% 
yield). 

(C6H5)2CO  +  H2(Zn  +  NaOH)  - >  (C6H5)2CHOH 

Alkaline  reagents  are  to  be  recommended  for  reducing  ketones  to  second¬ 
ary  alcohols,  since  pinacol  formation  is  favored  by  acid  media.  Strong 
reducing  agents  such  as  sodium  in  alcohol  may  carry  the  reduction  too 
far.  An  example  is  the  conversion  of  acridone  to  acridan  by  treatment 

with  sodium  in  amyl  alcohol. 


O 


v  N  v 

A 


ys.  OH2  A 

J\y  \7% 


VVV 

I 

H 


n-Heptaldehyde  is  reduced  to  1-heptano  by  certain  metals  m  acet.c 
acid  -  iron  filings,  for  example,  afford  the  alcohol  m  a  yield  of  8  /0  (Ob 
I  304).  2-Heptanol  may  be  prepared  from  methyl  n-amyl  ketone  by 

reduction  with  sodium  and  ethanol  (OS  II,  317;  65 %  yield). 

Reduction  with  Aluminum  Alkoxides  (Meerwein-Ponndorf-Verley 
Reduction).  Aluminum  alkoxides  are  good  reducing  agents  and  seem 
fo  be  specific  for  the  reduction  of  a  carbonyl  function  to  the  correspond¬ 
ing  carbinol  group  (OR  2,  178).  Thus  benzophenone  can  be  reduced 


CANNIZZARO  REACTION  000 

benzohydrol  in  nearly  quantitative  yields  by  the  action  of  isopropyl 
alcohol  in  the  presence  of  aluminum  isopropoxide  (OR  2,  203).  1  he  re¬ 

action  is  reversible  but  is  brought  to  completion  by  distillation  of  the 
acetone,  the  end  of  the  reduction  being  indicated  when  the  distillate  no 
longer  gives  a  precipitate  with  2,4-clinitrophenylhydrazine  (p.  3/6). 

Similarly,  aluminum  isopropoxide  in  isopropyl  alcohol  has  proved  to 
be  effective  in  converting  2-acetothienone 2  and  a  number  of  other 
acylthiophenes  to  the  corresponding  secondary  alcohols.3  Chloral  is  re¬ 
duced  to  trichloroethyl  alcohol  by  aluminum  ethoxide  in  ethanol  (OS 
II,  598;  84%  yield).  This  method  is  especially  valuable  with  compounds 
that  contain  ethylenic  linkages,  nitro  groups,  and  other  unsaturated 
groupings,  since  they  are  unaffected.  The  reduction  of  crotonaldehyde 
by  the  use  of  aluminum  isopropoxide  for  example,  affords  practically 
quantitative  yields  of  crotyl  alcohol  (OR  2,  201). 

3CH3CH=CHCHO  +  Al[OCH(CH3)2]3  - > 

(CH3CH=CHCH20)3A1  +  3CH3COCH3 

(CH3CH=CHCH20)3A1  —4  CH3CH=CHCH2OH 

Lnder  similar  conditions  o-nitrobenzaldehyde  gives  o-nitrobenzyl  al¬ 
cohol  in  a  92%  yield  (OR  2,  207). 


N02C6H4CH0 


Al[OCH(CH3)2]3 


♦  no2c6h4ch2oh 


m-Nitrocinnamyl  alcohol  has  been  made  from  m-nitrocinnamaldehyde 
in  a  similar  way.4 

Selective  reduction  of  certain  compounds  has  been  accomplished  by 
resort  to  protective  devices.  Phenylglyoxal,  for  example,  can  be  con¬ 
verted  to  the  acetal  and  then  reduced;  the  reduction  gives  the  corre¬ 
sponding  hydroxy  acetal  in  a  55%  yield  (OR  2,  183). 

C6H5COCH(OCH3)2  - >  C6H5CHCH(OCH3)2 

OH 


mentioned  244  the  purpose  of  oxidation  has  already  been 

CaZZJnpT  r  IST8enueralIy  called  the  Oppenauer  oxidation. 

(50 9  )  n  l  T  In  the  presence  0f  ac>ueous  or  alcoholic  alkali 
%)  an  aldehyde  may  undergo  dismutation  to  yield  the  corresponding 

‘  r°Wry Rcn0"'  and  Huber-  J-  Am-  Chem.  Soc. ,  68,  1105  (1946) 

Campaigne  and  D.edrich,  J.  Am.  Chem.  Soc.,  70,  391  (1948) 

Snyder,  J.  Am.  Chem.  Soc.,  69,  475  (1947).  b 
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alcohol  and  the  salt  of  the  corresponding  acid.  This  transformation, 
known  as  the  Cannizzaro  reaction,  is  observed  with  nearly  all  aromatic 
aldehydes  and  with  a  number  of  aldehydes  of  the  aliphatic  series  (OR 
2,  94). 

Examples  of  the  Cannizzaro  reaction  in  the  aromatic  series  are  the 
following. 

2  %HO  +  3NaOH  - ► 

RO=y 

%H,OH  +  %02Na  +  2H20 

NaO  NaO 

2  ^  %HO  +  KOH  - 4  <3>CH20H  +  <^J^>C02K 

Br  Br  Br 


2  ^>CHO  +  KOH  - 

—4  <f  Sch2oh  +  / 

3co2k 

och3 

och3 

och3 

2  ^  %HO  +  NaOH  - 

—>  /  Sch2oh  +  / 

^Sc02Na 

no2 

\ _ /  N — 

no2 

no2 

The  Cannizzaro  reaction  occurs  also  with  aromatic  aldehydes  of  the 
heterocyclic  series.  For  example,  furfural  in  the  presence  of  sodium 
hydroxide  readily  yields  sodium  2-furoate  and  furfuryl  alcohol  (OS  I, 
276;  63%  yield). 


HC - CH 

2  *  ||  ||  +  NaOH 

IIC  CCHO 

\  / 

O 


HC - CH 

HC  CC02Na 


+ 


HC 

CH 

HC 

CCH2OH 

\  / 
0 


The  chief  limitations  of  the  Cannizzaro  reaction  in  the  aromatic  series 
are  due  to  steric  hindrance.  Di-o-substituted  benzaldehydes  fail  to  re¬ 
act  normally.  When  both  ortho  positions  are  filled  by  halogen  or  mtro 
substituents,  the  formyl  group  is  removed  as  formic  acid  (p.  465). 

One  mechanism  proposed  for  the  Cannizzaro  reaction  is  the  following. 

s  Kharasch  and  Snyder,  J.  Org.  Chem.,  14,  819  (1949). 
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RCH  +  OH 
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This  mechanism  relates  the  reaction  to  the  ability  of  the  aldehyde 
group  to  react  with  nucleophilic  agents  and  is  in  accord  with  the  ob¬ 
servation  that  aldehydes  holding  amino  or  hydroxyl  groups  in  ortho  or 
para  positions  fail  to  undergo  the  Cannizzaro  reaction  as  it  is  ordinarily 
carried  out.  Apparently  increase  in  the  electron  density  of  the  ring  be¬ 
cause  of  the  amino  or  the  0~  substituent  (the  reaction  occurs  in  alkaline 
media)  diminishes  the  electron  deficit  of  the  carbonyl  carbon  atom  to 
such  a  degree  that  attack  of  hydroxyl  is  ineffective. 

Uncommon  interest  attaches  therefore  to  the  discovery  that,  in  the 
presence  of  an  active  silver  catalyst,  such  aldehydes  give  almost  quan¬ 
titative  yields  of  the  corresponding  alcohols  and  acids.  It  is  possible 
to  ascribe  the  catalytic  effect  of  the  silver  to  coordination  with  the  oxy¬ 
gen  atom,  which  would  be  expected  to  increase  the  electron  deficit  of 
the  carbonyl  carbon  atom. 

As  might  be  expected,  aliphatic  aldehydes  with  no  a-hydrogen  atoms 
behave  very  much  like  their  aromatic  analogs,  undergoing  dismutation 
on  y.  xamples  are  formaldehyde,  pivalaldehyde,  dimethylmethylol- 
acetaldehyde,  and  oi-hydroxyisobutyraldehyde. 


2C  H20  T  NaOH 
2(CH3)3CCHO  +  KOH 
CH3n  /CHO 

2  C  + KOH 

ch3/  nCH2OH 


CH 


3\ 


OH 


2  C— CHO  -f  KOH 

CH/ 


CH3OH  +  HC02Na 
(CH3)3CCH2OH  +  (CH3)3CC02K 
CHavCH2°H  CH3x  /C02K 
ch3/  MdioOH  cir/CcH.oir 


CH 


OH 
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ch3n?h 


PH  /CCH2°H  +  cco2k 
ch3/  CH/ 
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It  should  be  possible  to  arrange  the  various  aldehydes  according  to 
the  relative  electron  deficiency  of  the  carbonyl  carbon  atom.  Some  ob¬ 
vious  predictions  as  to  relative  reactivities  are  the  following. 

CH20  >  RCHO  >  N02^3CH0 

>  C6H5CHO  >  -OOCHO 

From  these  considerations  it  should  be  possible  to  employ  the  more  active 
aldehydes  to  reduce  the  less  active.  This  idea  has,  in  fact,  proved  very 
fruitful.  Many  aromatic  aldehydes  have  been  reduced  to  the  corre¬ 
sponding  alcohols  by  formaldehyde  in  yields  of  70-90%,  among  them 
being  veratraldehyde,  piperonal,  anisaldehyde,  opianic  acid,  furfuralde- 
hyde,  and  phthalaldehydic  acid.  This  method,  used  also  to  prepare  p- 
tolylcarbinol  (OS  II,  590;  80%  yield),  is  known  as  a  crossed  Cannizzaro 
reaction.  It  is  valuable  in  the  aromatic  series,  since  formaldehyde  is 
cheaper  than  the  aromatic  aldehydes.  More  often,  of  course,  the  re¬ 
duction  of  aromatic  aldehydes  to  the  corresponding  alcohols  is  accom¬ 
plished  by  catalytic  hydrogenation. 

Aldehydes  of  the  type  RCH2CHO  undergo  the  aldol  condensation  so 
rapidly  that  the  Cannizzaro  reaction  does  not  occur  to  any  great  extent 
except  under  the  influence  of  catalysts  or  enzymes  found  in  animal 
tissues  such  as  liver  and  spleen  which  bring  about  this  type  of  reaction. 
Also  in  the  presence  of  Raney  nickel  and  alkali,  many  aliphatic  alde¬ 
hydes  undergo  the  Cannizzaro  reaction.6  It  may  be  that  the  metal 
activates  the  carbonyl  group  in  a  manner  analogous  to  that  proposed  for 
silver  (p.  357). 

Valuable  syntheses  are  known  that  involve  both  the  Cannizzaro  and 
the  aldol  reactions.  Examples  are  given  in  connection  with  the  dis¬ 
cussion  of  Tollens’  condensation  (p.  451). 

A  reaction  not  unlike  that  of  Cannizzaro  occurs  when  formaldehyde 
is  treated  with  nitrogen  bases.  An  illustration  is  the  conversion  of  form¬ 
aldehyde  to  methylamine  and  formic  acid  by  heating  with  ammonium 
chloride  (OS  I,  347;  51%  yield). 

2CH20  +  NH4C1  - >  CH3NH2.HC1  +  HC02H 

Half  of  the  aldehyde  is  oxidized  to  formic  acid  and  half  of  it  reduced  to 
form  methylamine,  the  nitrogen  analog  of  methanol.  The  process  is 
actually  an  example  of  reductive  alkylation  (p.  372). 

6  Dekpine  and  Horeau,  Bull  soc.  chim.  France,  (5),  4,  31  (1937);  Compt.  rend., 
204,  1605  (1937). 
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Reactions  analogous  to  that  of  Cannizzaro  take  place  when  glyoxals 
are  treated  with  aqueous  alkalies,  transformations  that  may  be  regarded 
as  intramolecular  Cannizzaro  reactions.  Glyoxals  of  the  type  RCOCHO, 
i.e.,  a-keto  aldehydes,  are  converted  to  salts  of  a-hydroxy  acids.  Thus 
glyoxal  }delds  a  glycolate. 

(|  H<>  +  NaOH  - ¥  CH2C02Na 

CH°  OH 

Similarly,  phenylglyoxal  is  changed  to  salts  of  mandelic  acid. 

C6H5COCHO  +  NaOH  - >  C6H5CHC02Na 

OH 


It  has  been  shown  that  this  reaction  does  not  involve  rearrangement  of 
the  carbon  chain.7 

Tischenko  Reaction.  If  an  alkoxide  is  employed  in  the  Cannizzaro 
procedure,  the  product  is  an  ester,  an  example  being  the  formation  of 
benzyl  benzoate  from  benzaldehyde  in  the  presence  of  sodium  benzylate 
(OS  I,  104;  93%  yield). 


H 

C6H5C=0  +  C6H5CH20~ 


H 

C6H5C-0 1 

OCH2C6H5 


c6h5cho 

- » 


C6H5C02CH2C  6h5  +  c6h5ch2o 

This  conversion  of  aldehydes  to  esters,  known  as  the  Tischenko  reaction 
applies  to  aliphatic  aldehydes  also.  For  example,  acetaldehyde  in  the 
presence  oi  aluminum  ethoxide  gives  ethyl  acetate. 


,  Al(OC2H5)3  , _ 

2CH3CHO - >  CH3C-OCH2CH3 

However,  the  method  has  not  been  extensively  applied  because  the  e*+ 
alyst  soon  becomes  “poisoned”  and  loses  its  activity  "  ^ 

Benzilic  Acid  Rearrangement.  In  the  reactions  just  considered  the 

Llrrr  crtt  57  «■»■"  *> *»  ”• 

tre.W  with  ben  til,  to  fo  “TtJt  rfwSS  .*" 

Cr,H5COCOCGH5  +  NaOH  - ►  (C6H5)2CC02Na 

OH 

J-  A  rn-  Chem-  Soc.,  70,  455  (1948). 


’  Doorin«.  Taylor,  and  Schoenewaldt, 
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This  reaction  is  general  for  benzils  and  is  known  as  the  benzilic  acid  re¬ 
arrangement.  It  may  be  noted  that,  by  treatment  with  a  mixture  of 
sodium  bromate  and  sodium  hydroxide,  benzoin  can  be  converted  to 
sodium  benzilate  in  one  step  (OS  I,  89;  90%  yield). 

3C6H5CHOHCOC6H5  +  NaBrOs  +  3NaOH  - > 

3(C6H5)2C(0H)C02Na  +  NaBr  +  3H20 

Phenanthrenequinone,  which  may  be  classed  as  a  benzil,  also  under¬ 
goes  the  benzilic  acid  rearrangement. 

/\ 


yW 


/X 


Ns/  \  / 

CO 


CO 


HO  C02H 


Only  a  few  aliphatic  diketones,  on  the  other  hand,  have  been  observed 
to  undergo  this  type  of  change.  Ketopinic  acid  yields  citric  acid,  for 

example. 

C0CH2C02H  ch2co2h 

C0CH2C02H  *  H0CC02H 

CH2C02H 

Similarly,  9,10-diketostearic  acid  gives  a-hydroxy-a-octylsebacic  acid.8 


C0(CH2)7C02H 

C0(CH2)7CH3 


(CH2)7C02H 


HOCCO2H 
(CH2)7CH3 

An  interesting  rearrangement  of  this  type  occurs  "hen  1,2-cyclohex 
anedione  is  treated  with  alkali;  1-hydroxy-  1-cyclopentanecarboxy lie  acid 


is  formed. 


/\= 


\/ 


=0 


=0 


co2h 


OH 


lwroUinH  The  reduction  methods  which  have  been 
el”^ei”ave  in  common  the  characteristic  that  they  change  the  car¬ 
bon  jd  compound  to  mi  jg^g  group'^e'c'l^emmen^n  mediod^highiy  ef- 
Sega0mPalgamred  zinTand  hydrochloric  acid  serving  as  the  reducing 

s  Nicolet  and  Jurist,  J.  Am.  Chem.  Soc.,  44,  113f>  (1J22). 
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agent  (OR  1,  155).  The  method,  which  is  successful  with  both  aliphatic 
and  aromatic  ketones  and  with  a  few  aldehydes,  is  especially  to  be  rec¬ 
ommended  for  the  introduction  of  saturated  side  chains  into  aromatic 
compounds. 

R2CO  +  2H2(Zn  +  HC1)  - >  R2CH2  +  H20 


o-n-Heptylphenol  (OS  20,  57;  86%  yield),  hexylresorcinol,  and  y- 
phenylbutyric  acid  (OS  II,  499;  89%  yield)  are  examples,  the  parent 
ketones  being  readily  produced  by  methods  of  the  Friedel-Crafts  type. 
The  Clemmensen  method  is  superior  to  the  Wurtz-Fittig  procedure  (p. 
137)  for  making  n-alkylbenzenes.9 

The  Clemmensen  method  generally  gives  unsatisfactory  results  with 
purely  aromatic  ketones;  pinacols  and  resinous  products  often  predom¬ 
inate.  For  example  4,4'-dichlorobenzophenone  affords  an  80%  yield  of 
tetrachlorobenzopinacol.10 

Wolff-Kishner  Method.  Another  method  of  reducing  aldehydes  and 
ketones  to  the  corresponding  hydrocarbons  is  that  of  Wolff  and  Kishner 
(OR  4,  378).  The  hydrazone  is  formed  and  then  decomposed  catalyt- 
ically  by  heating  in  a  closed  tube  with  potassium  ethoxide  or  hydroxide, 
the  sequence  of  reactions  being  as  follows. 


T5  rv\  n2H4  KOH  or 

r2co - »  r2c=nhnh2  —  >  rch2r  +  n2 

C2H50K 

If  the  hydrazone  is  represented  by  the  tautomeric  structure 
(RCHN=NH),  a  form  that  would  be  favored  by  alkaline  media,  the  par- 
a  e  between  this  reaction  and  the  decomposition  of  azo  compounds  be¬ 
comes  apparent  (p.  548). 

The  reaction  is  of  wide  application,  usually  affording  good  results  with 
aldehydes,  ketones,  cyclic  ketones,  keto  acids,  and  unsaturated  carbonyl 

^°re0Vej’ 14  has  been  found  Possible  to  modify  the  method 
so  that  it  can  be  carried  out  on  a  large  scale  at  atmospheric  pressure.  In 

IS  proce  ure  a  mixture  of  sodium  or  potassium  hydroxide,  85%  hydra- 

ne  hydrate,  triethylene  glycol,  and  the  ketone  is  heated  for  an^hour 

to  195  *200°  Uit”  3  aft6r  the  teraPerature  has  been  brought 

to  195-200  by  distilling  volatile  constituents."  An  example  is  the  eon 

version  of  propiophenone  to  n-propylbenzene  "  P 

and  ““fafa’  J-  Chem.  Soc.,  519  (1949). 

Bradlow  and  VanderWcrf,  J.  Am.  Chem.  Soc.,  69,  1254  nn47) 

Huang-Mmlon,  J.  Am.  Chem.  Soc,  68,  2487  (1946)!  ‘ 
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catalytic  hydrogenolysis  of  the  corresponding  thioacetals  by  treatment 
with  Raney  nickel.12 


R2CO  - ►  R2C(SR')2  - ►  R2CH2  +  2R'H  +  2H2S 

The  reduction  occurs  in  dilute  ethanol  solution  and  is  effective  with  both 
aldehydes  and  ketones.  Examples  are  benzaldehyde,  heptanal,  2- 
heptanone,  acetophenone,  and  benzophenone. 

Reduction  of  Esters  to  Alcohols.  The  reduction  of  esters  to  alcohols 
by  catalytic  methods  has  already  been  mentioned  (p.  256).  Satisfactory 
yields  can  be  realized  also  by  the  Bouveault-Blanc  procedure,  which  con¬ 
sists  in  treatment  of  the  ester  with  sodium  and  an  alcohol.  The  prepara¬ 
tion  of  lauryl  alcohol  (OS  II,  372;  75%  yield)  is  an  example. 

Na  +  C2H5OH 

CH3(CH2)10CO2C2H5  - - >  CH3(CH2)10CH2OH 


The  Bouveault-Blanc  method  serves  also  in  the  conversion  of  esters  of 
dibasic  acids  to  glycols,  as  is  exemplified  by  the  synthesis  of  decamethyl- 
ene  glycol  from  ethyl  sebacate  (OS  II,  154;  75%  yield). 


/C02C2H5  Na  +  C2H5OH 

(CH2)8  - >  (CH2) 

XX)2C2H5 


/CH2OH 

s^ch2oh 


The  sodium  method  is  employed  industrially  in  the  reduction  of  fats 
because  it  yields  unsaturated  alcohols.13  An  example  of  the  reduction 
of  a  simple  unsaturated  ester  is  the  conversion  of  ethyl  oleate  to  oleyl 
alcohol  (OS  29,  80;  51%  yield).  Lithium  aluminum  hydride  serves  for 
this  type  of  change  also,  since  it  is  capable  of  converting  esters  to  al¬ 
cohols  without  attack  of  olefinic  double  bonds. 

2CH3(CH2)7CH=CH(CH2)7C02C2H5  +  LiAlH4  - ► 


/ 


OC2H5 


h2o 


LiAl-OC2H5 

S[OCH2(CH2)7CH=CH(CH2)7CH3]2 

2CH3(CH2)7CH=CH(CH2)7CH2OH 

Instances  are  known,  however,  in  which  olefinic  bonds  are  hydro¬ 
genated.14  This  remarkable  reagent  serves  also  to ^  reduce  aide  ,, 
ketones,  anhydrides,  acid  chlorides,  and  adds  to  alcohols  (AR  45,  122). 

12  Wolfrom  and  Karabinos, ./.  Am.  Chem.  Soc., 

■>  Hastens  and  Peddicord,  Ind.  Eng.  ('hem.,  41,  (  )• 

»  Hochstein  and  Brown,  J.  Am.  Chem.  Soc.,  TO,  (  ' 

is  Nystrom  and  Brown,  J.  Am.  Chem.  Soc.,  69,  1197  (1J47). 
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Bimolecular  Reduction :  Pinacol  Formation.  Bimolecular  reduction  of 
carbonyl  compounds  may  be  accomplished  by  a  variety  of  reagents,  the 
most  useful  of  which  are  metals,  metal  amalgams,  and  the  binary  mix¬ 
ture,  Mg  +  Mgl2.  Electrolytic  and  photochemical  methods  are  also 
valuable.  The  first  step  postulated  in  the  process  involving  metals  is  the 
attachment  of  hydrogen  or  a  metal  to  the  oxygen  atom,  the  resulting 
compound  being  a  free  radical  known  as  a  ketyl.  Association  of  two 
molecules  of  the  ketyl  produces  the  pinacolate.  In  the  reduction  of 
acetone  with  magnesium  amalgam,  for  example,  the  reaction  may  take 
the  following  course. 


CH3x 

2  CO  -f  Mg(Hg) 


CHc/ 


CH3x  /CH3 

C-O-Mg-O-C 

civ 


CIV 

•nch3 

o 

w 

00 

/ 

C— 0 

CIV 

\  „  h2o 

CIV 

ch3x 

Mg  - 1 

/ 

CIV 

< 

C— 0 

CHa^ 

CH3/ 

COH 


COH 


The  yield  of  pinacol  is  50%  (OS  I,  459).  Pinacol  has  the  property  re- 
markable  for  an  alcohol,  of  forming  a  hydrate;  it  can  be  isolated  con¬ 
veniently  as  the  hexahydrate.  Other  aliphatic  ketones  give  pinacols 
a  so,  but  the  reaction  does  not  ordinarily  lead  to  satisfactory  yields. 

macol  formation  is  much  more  easily  effected  in  the  aromatic  series 
and  several  methods  are  available  for  bringing  it  about.  The  most  satis 
factory  of  these  is  treatment  with  the  binary  mixture,  Mg  +  Mgl,  a 
leagent  that  acts  as  though  it  were  magnesious  iodide,  Mgl  The  prep 
aration  of  benzopinacol  is  an  example.  P  P 


c6h5x 

2  p  w  /C=0  +  +  Mgl2 


CV,H,/ 


COMgl 


c6h5x 


h2o  (^6H5)2COH 


c6h5/ 


COMgl 


(C6H5)2COH 


Many  aryl  ketones  have  been  redupprl 

by  isopropyl  alcohol,  the  reaction  being  carried  outT^  "8  PinaC°'S 
ture  of  the  ketone  and  alcohol  to  sunlight  Ren  ^  ,eXposmS  a 
a  95%  yield  by  this  method  (OS  II,  71).  zoPlnacol  can  be  made  in 
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2C6H5COC6H5  +  CH3CHCH3 

OH 


(C6H5)2C - C(C6H5)2  +  CH3COCH3 

OH  OH 


Alkyl  aryl  ketones  have  not  been  reduced  by  the  binary  mixture.  For 
them  the  electrolytic  method  appears  to  be  the  most  satisfactory.  It  has 
been  employed  successfully  with  acetophenone,  propiophenone,  aceto- 
m-xylene,  p-phenylacetophenone,  and,  surprisingly,  also  with  aceto- 
mesitylene,  acetoisodurene,  and  2,4,6-triethylacetophenone.  The  yields 
are  seldom  above  50%,  however.  An  example  is  acetophenone  pinacol, 
which  can  be  made  in  this  way  in  a  yield  of  40%. 


2C6H5COCH 


110  volts  d-c 
- - » 

H20,  K2CO3, 
CH3C02K, 
C2H50H 


OH  OH 

C6H5C - CC6H5 

ch3  ch3 


Reduction  of  a-Diketones.  Since  twinned  carbonyl  groups  form  a 
conjugated  system,  it  might  be  expected  that  most  of  the  addition  re¬ 
actions  of  the  group  -COCO-  would  involve  the  extremities  of  the  sys¬ 
tem.  This  is  true,  however,  to  a  limited  degree  only.  Hydrogen  and 
metals  are  added  in  this  manner,  the  products  being  enediols  or  enediol- 

ates.  q  o  OH  OH  0  OH 

RC-CR  +  H2  - ►  [RC=CR]  - >  RC-CHR 


The  enediols  usually  rearrange  at  once  to  the  corresponding  acyloins. 
Stable  enediols  have  been  produced,  however,  from  certain  highly  hin¬ 
dered  benzils;  if  each  of  the  aryl  radicals  bears  two  ortho  alkyl  groups, 
the  enediols  are  stable  in  the  absence  of  air.  They  are  very  sensitive  to 
oxidizing  agents,  being  rapidly  oxidized  to  benzils  on  exposure  to  air  or 


The  preparation  of  acyloins  from  esters  is  thought  to  involve  the  re¬ 
duction  of  a  diketone  (OR  4,  256).  The  reaction,  in  contrast  to  the 
Bouveault-Blanc  reduction,  is  carried  out  in  the  absence  of  alcohols. 
One  possibility  is  the  formation  of  a  disodium  derivative  (I),  which  com¬ 
bines  with  a  molecule  of  unchanged  ester  to  yield  a  diketone.  The  di¬ 
ketone  is  then  transformed  to  the  acyloin.  The  various  steps  may  be 
illustrated  by  the  synthesis  of  butyroin,  which  can  be  produced  in  a 
70%  yield  by  this  method  (OS  II,  114). 

O  ONa 

C3H7COC2H5  C3H7COC2H5 

Na 
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ONa  O 

C3H7COC2H5  +  C3H7COC2H5 
Na 

I 


ONa 

C3H7C-OC2H5  -2C2H6ONa 
*  C3H7C-OC2H5 
ONa 


C3H7CO  2Nav  C3H7CONa  h20  C3H7COH  C3H7CHOH 
C3H7CO  ¥  C3H7CONa  *  C3H7COH  *  C3H7CO 


The  method  is  general  for  esters;  propionoin,  isobutyroin,  and  pivaloin 
can  be  made  in  yields  of  55,  75,  and  60%,  respectively.16  Xylene  or 
toluene  as  the  solvent  affords  higher  reaction  temperatures  and  conse¬ 
quent  greater  solubility  of  the  sodium  derivatives  and  permits  extension 
of  the  method  to  the  synthesis  of  acy loins  containing  from  12  to  36  car¬ 
bon  atoms.  All  the  yields  are  high.17 

The  procedure  has  been  employed  with  remarkable  success  in  the 
synthesis  of  large  rings  from  esters  of  a,co-dicarboxylic  acids,  yields  of 
cyclic  acyloins  being  from  29  to  96%.  Treatment  of  the  crude  mixtures 
ol  acyloin  and  diketone  with  zinc  and  hydrochloric  acid  produces  cyclic 
mono  ketones  (OR  4,  256). 


(CH2) 


/C02R 

xco2r 


/CO 

(CH2)n  | 

xCHOH 


(CH2) 


/CO 

xch2 


In  the  Bouveault-Blanc  reduction  the  disodium  derivative  of  the 

ester  (I  )  is  believed  to  react  with  alcohol  to  yield  the  aldehyde  and  so- 
dium  ethoxide. 


OJNa 

RCOC2H5  -f-  C2H5OH 
Na 

I 


RCOC2H5  +  C2H5ONa 


i 

H 


RCH  — ll6(>1i> 


”m““y  by  ywdi"'  *  «*»»' 

ONa  q 

prne  u  -C2H5ONa  _  n  2Na  a 

KUOU2H5 - *  RCH  — H 

H  Na 

II 

r™  .  RCH2ONa  +  C2H5ON 

The  c0n  of  this  derivatiye  to  the  sodjum  aikQxide  then  foUw 

17  “y.  5oc"  62, 3988  (1U30)- 
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From  these  speculations  it  will  be  clear  that  the  Bouveault-Blanc 
reduction  requires  alcoholysis  of  the  sodium  ketyl  (I)  before  it  has  time 
to  condense  with  the  ester  as  in  the  acyloin  synthesis.  Experiments 
based  on  this  concept  have  proved  fruitful,  and  as  a  result  a  procedure 
has  been  developed  which  affords  practically  quantitative  yields  of 
alcohols.18  It  provides  for  the  rapid  introduction  of  a  mixture  of  the 
ester  and  alcohol  to  a  vessel  containing  molten  sodium  with  little  or  no 
solvent.  It  is  to  be  noted  that  this  modified  Bouveault-Blanc  method 
involves  only  enough  alcohol  to  alcoholyze  the  sodium  derivatives,  I 
and  II.  The  formation  of  hydrogen  by  the  interaction  of  sodium  and 
alcohol  serves  no  useful  purpose  and  is  largely  avoided. 

Hydration 

Highly  reactive  aldehydes  such  as  chloral  form  hydrates  with  water 
which  appear  to  be  the  corresponding  1,1-dihydroxy  compounds. 

CCI3CHO  +  H20  - ►  CC13CH(0H)2 

Similarly,  glyoxals  of  the  formula  RCOCHO  are  readily  hydrated; 
glyoxal  itself  holds  water  so  tenaciously  as  to  be  difficult  to  obtain  in 
pure  form.  Diketosuccinic  acid  exists  as  the  dihydrate,  dihydroxy  tar¬ 
taric  acid.  The  hydrate  of  glyoxylic  acid  is  known  as  dihydroxyacetic 
acid.  Solutions  of  formaldehyde  in  water  have  properties  which  indi¬ 
cate  that  it  is  hydrated  to  a  large  degree. 

From  these  observations  it  seems  very  likely  that  the  tendency  of 
carbonyl  compounds  to  become  hydrated  is  general,  the  hydrates  usually 
being  too  unstable  to  be  isolated.  The  cleavage  of  certain  keto  alcohols 
and  acids  by  periodic  acid  or  lead  tetraacetate  has  been  explained  on 

this  assumption  (p.  240). 


Reaction  with  Alcohols 

Hemiacetals.  Hydroxy  compounds  other  than  water  may  combine 
additively  with  carbonyl  compounds  also.  Such  addition  compoun  . 
with  alcohols  are  known  as  hemiacetals.  ^ 

RCHO  +  R'OH  ;=±  RCH)R/ 

Like  hydrates,  the  hemiacetals  are  formed  reversibly  and  are  rarely 
stable  enough  to  be  isolated. 

18  Hansley,  Ind.  Eng.  Chem.,  39,  55  (1947). 
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Hydroxy  aldehydes  and  ketones  in  which  the  two  groups  are  not  too 
far  apart  show  a  tendency  to  form  cyclic  hemiacetals.  Glycolaldehyde 
and  acetol  are  examples. 


CH9CHO  v  CH9-CH  Glycolaldehyde 

I  \  /| 

OH  O  I 

OH 

CH3COCH9OH  =±  CH3C - CH9  Acetol 

I  0 

HO 


This  behavior  is  of  course  more  marked  in  7-  and  5-hydroxy  aldehydes 
and  ketones,  which  form  rings  of  five  and  six  members,  respectively. 
These  reactions  are  especially  important  in  sugar  chemistry,  the  ring 
forms  of  simple  sugars  being  hemiacetals. 

It  should  be  mentioned  that  many  keto  acids  behave  as  though  the 
hydroxyl  group  had  added  to  the  carbonyl  group  to  produce  cyclic 
derivatives  analogous  to  hemiacetals.  These  compounds,  known  as 
hydroxy  lactones  or  lactols,  are  exemplified  by  the  cyclic  forms  of  o-ben- 
zoylbenzoic  and  8-benzoyl- 1-naphthoic  acid. 


coc6H5 


v\ 


V\ 


C02H  X/  xC0 

o-Benzoylbenzoic  acid 


OH 

'CC6H5 

s 

o 

/ 


c6h5co  co2h 

^\/\ 


HO 

I  o 

C6H5C/ nCO 


AA 


W  V\/ ' 

8-Benzoyl- 1-naphthoic  acid 

Uvunnic  acid  formed  by  heating  sucrose  or  starch  with  concentrate,] 
hydrochloric  acid  (OS  I,  335),  likewise  yields  a  lactol.  d 


ch3coch2ch2co2h 


ch3cch2ch,co 
1  -0-  ' 


Stitts,  1SZ  <»™  ■—  — 1  u, 
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Acetals.  When  an  aldehyde  is  treated  with  an  alcohol  in  the  presence 
of  an  acidic  catalyst,  the  hemiacetal  formed  initially  may  react  with  a 
second  molecule  of  the  alcohol  to  yield  an  acetal.  Calcium,  boron,  and 
ammonium  chlorides  are  useful  catalysts  for  this  type  of  reaction.  An 
example  of  ace  tali  zation  is  the  preparation  of  acetal  from  ethanol  and 
acetaldehyde  (OS  I,  1). 

/OC2H5 

CH3CHO  +  2C2H5OH  =±  CH3CH  +  H20 

nOC2H5 

In  this  synthesis  acetaldehyde,  calcium  chloride,  and  95%  ethanol  are 
put  together  in  such  proportions  as  to  cause  the  mixture  to  separate  into 
two  layers  during  the  course  of  the  reaction.  The  acetal  goes  into  the 
upper,  ethanolic  layer,  where  it  is  out  of  contact  with  the  catalyst,  caus¬ 
ing  the  equilibrium  to  be  shifted  in  the  desired  direction.  Under  these 
conditions  the  yield  is  64%. 

The  rate  of  ace  tali  zation  depends  on  the  nature  of  the  aldehyde  as 
well  as  that  of  the  alcohol.  Aromatic  aldehydes  react  rapidly  but  give 
low  yields  on  account  of  unfavorable  equilibria.  Many  aliphatic  alde¬ 
hydes  afford  excellent  yields,  but  react  more  slowly.  The  following 
examples  illustrate  these  points.19 

Acetal 

Methyl  acetal 
Ethyl  acetal 
f-Butyl  acetal 
Ethyl  benzal 
Ethyl  m-nitrobenzal 


Amount  (%) 

Reaction 

of  acetal  at 

velocity 

equilibrium 

constant  X  103 

93.8 

1.02 

90.7 

2.37 

31.2 

11.34 

36.3 

ca.  100 

41.8 

ca.  200 

Cyclic  acetals  or  dioxolanes  are  formed  by  1,2-glycols,  such  as  glycerol, 
which  reacts  with  acetone  to  yield  the  dioxolane,  usually  called  lsopro- 
pylidene  glycerol.  A  suitable  catalyst  is  p-toluenesulfomc  acid  (Ob  28, 

73;  90%  yield). 


CH3 


\ 


ch/ 


ch2oh 

C=0  +  CHOH 
CH,OH 


CH3  o-ch2 
\  / 
c 

ch/  Vchch2oh 


+  h20 


Acetaldehyde  and  ethylene  glycol  react  in  a  similar  manner. 


HOCH2 


CH3CHO  + 


HOCH2 


/OCH2 

ch3ch  |  +  h20 

voch2 


19 


Adkins  and  Adams, Am.  Chem.  Soc.,  47, 


1368  (1925). 


ACETALS 


3G9 


The  formation  of  such  acetals  with  benzaldehyde  or  acetone  serves  to 
indicate  the  presence  of  vicinal  hydroxyl  groups,  the  test  being  especially 


useful  in  sugar  chemistry. 

a-Hydroxy  acids  are  1,2-dihydroxy  compounds  and,  behaving  like 
1,2-glycols,  are  capable  of  forming  dioxolones.  Mandelic  acid,  for  exam¬ 
ple,  combines  with  acetone  under  the  influence  of  sulfuric  acid  as  shown 
in  the  following  equation. 

c6h5ch-co 


C6H5CH-C=0  +  CH3COCH3  - ► 

OH  OH 


1  1 

Ox  /O 

c 

ch3/  nch3 


+  h2o 


With  the  exception  of  the  a-glycols  already  noted,  acetals  of  ketones 
do  not  form  as  readily  as  those  of  aldehydes  and  are  generally  made  by 
treating  the  ketone  with  an  orthoformic  ester.  The  ketal  from  acetone 
and  ethanol,  for  example,  can  be  made  satisfactorily  in  this  way. 

CH3N  HC1  ch3x  /0c2h5 

c=0  +  HC(OC2H5)3  ^=±  c  +  hco2c2h5 

CH3/  CH3/  xOC2H5 

In  this  type  of  reaction  the  alcohol  corresponding  to  the  ortho  ester  is 
chosen  as  the  solvent.20  The  ortho  ester  method  can  be  employed  with 
aldehydes  also.  For  example,  acrolein  reacts  with  ethyl  orthoformate  in 

the  presence  of  ammonium  nitrate  and  absolute  ethanol  to  give  acrolein 
diethyl  acetal  in  a  73%  yield.21 

Acetals,  being  sensitive  to  acids  but  stable  to  alkalies,  serve  in  pro¬ 
tecting  aldehyde  groups  in  the  presence  of  alkalies,  as  was  illustrated  in 
the  preparation  of  glyceraldehyde  from  acrolein  (p.  228).  Propargyl 
aldehyde  (propiolaldehyde)  is  made  in  this  manner  also. 


Br 

CH2=CHCH  (OC2H5)2  +  Br2  - ►  BrCH2CHCH(OC2H5)2 

Br 

BrCH2CHCH(OC2H5)2  +  2NaOH  - > 


±1L,_^-CH(0C2H5)2  +  2NaBr  +  2H2< 
HC=C-CH(OC2H5)2  +  H20  - y  HC=C-CHO  +  2C2H5OH 

Phenylpropargyl  aldehyde  is  derived  from  cinnamaldehvde  hv 
similar  series  of  reactions  (OS  25,  92) ;  the  over-all  yield  is  51%. 

"  an<1  Adkins>  J-  Am.  Chem.  Soc.,  50,  235  (1928) 

Fischer  and  Baer,  Helv.  Chim.  Ada,  18,  514  (1935).  ' 
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C6H5CH=CHCHO  — >  CcHsCHCHCHO 

I  I 

Br  Br 


K2CO3 

- > 


C6H5CH=CBrCHO  llC(t)C'ill°)»)  C6H5CH=CBrCH(OC2H5)2  — > 


CcH,jC=CCH(OC2Hj)2 


h2o 

h2so4 


♦  c6h5c=ccho 


The  formation  of  an  a-chloro  ether  from  an  aldehyde,  an  alcohol,  and 
hydrochloric  acid  appears  to  resemble  acetalization,  a  hemiacetal  prob¬ 
ably  being  formed  as  an  intermediate.  The  preparation  of  chloromethyl 
methyl  ether  is  the  simplest  example  (p.  322). 

A  method  of  preparing  bromoacetal  involves  acetalization  of  bromo- 
acetaldehyde,  formed  by  ethanolysis  of  a^-dibromoethyl  acetate  (OS  23, 
8;  64%  yield). 

Br2  C2H5OH 

CH3C02CH=CH2  — ^  CH3C02CHBrCH2Br  - ► 


BrCH2CHO 


C2H5OH 

HBr 


>  BrCH2CH(OC2H5) 


2 


Reaction  with  Mercaptans 

Aldehydes  and  ketones  react  with  sulfhydryl  compounds  to  yield 
derivatives  that  are  analogous  to  acetals  and  hemiacetals,  the  reactivity 
of  the  sulfhydryl  compounds  being  much  greater  than  that  of  alcohols. 
Aldehydes  yield  hemimercaptals,  which  may  react  with  another  molecule 
of  mercaptan  to  produce  mercaptals. 

/OH  R/SH  /SR' 

RCHO  +  R'SH  - >  RCH  - >  RCH 

XSR'  XSR' 


Ketones  similarly  give  hemimercaptols  and  mercaptols.  Acetone,  for 
example,  reacts  with  ethyl  mercaptan  as  follows. 


CH3x 

0=0  +  c2h5sh 

CH/ 


CH3x  /OH 

c 

CH/  xSC2H5 


C2H5SH  chvsc2h5 
CH/  xSC2H5 


Reactions  with  Ammonia  and  Amino  Compounds 

Like  water  and  alcohols,  ammonia  and  primary  amino  compounds 
react  reversibly  with  aldehydes  and  ketones  to  yield  addition  com- 
•  pounds.  Ammonia  gives  rise  to  aldehyde-ammonias,  a  few  of  which 
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are  sufficiently  stable  to  be  isolated, 
is  a  well-known  example. 

CH3CHO  +  NH3  “ 


That  formed  from 
/OH 

t  CH3CH 

xNH2 


acetaldehyde 


As  was  noted  earlier  (p.  168),  substances  of  this  type  are  more  stable 
than  the  corresponding  dihydroxy  compounds,  a  fact  that  is  exempli¬ 
fied  by  the  relatively  stable  methylol  compounds  formed  by  the  con¬ 
densation  of  formaldehyde  with  primary  or  secondary  amines. 

RNH2  +  CH20  ^=±  RNHCH2OH 


The  reaction  between  aldehydes  and  ammonia,  however,  often  pro¬ 
ceeds  beyond  the  first  stage  and  yields  complex  products.  Four  mole¬ 
cules  of  ammonia,  for  example,  condense  with  six  of  formaldehyde  to 
produce  hexamine  or  urotropine. 

,N, 


6CH2O+  4NH3 


ch2 


ch2 


'CII2 


N. 


N 

/  \ 

ch2  ch2 

XN 


“b  6H20 


vch2 

Benzaldehyde  condenses  with  ammonia  to  yield  hydrobenzamide,  a 

complex  molecule  formed  from  three  molecules  of  aldehyde  and  two’ of 
ammonia. 

N=CHC6H5 

3C0H5CHO  +  2NH3  - »  C6H5CH  +  3h20 

N=CHC6H5 

Hydrobenzamide  is  related  to  Schiflf  bases— substances  formed  by  the 
interaction  of  an  aldehyde  and  a  primary  amine.  BenzalanilinJ  for 
example,  is  made  in  an  87%  yield  from  aniline  and  benzaldehyde  (OS  I, 

c6h5cho  +  c6h5nh2 - >  CcH5CH=NC6H5  +  h2o 
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The  addition  of  ammonia  to  ketones  probably  occurs,  but  if  so  the 
addition  compounds  are  too  unstable  to  be  isolated.  There  are  many 
ketone  reactions,  however,  which  have  been  explained  by  assuming  the 
formation  of  adducts  between  ketones  and  ammonia.  Such  a  reaction 
is  that  of  Leuckart  (OR  5,  301),  which  consists  in  the  conversion  of  a 
ketone  to  the  corresponding  amine  by  heating  with  a  solution  of  am¬ 
monium  formate.  An  example  is  the  preparation  of  a-phenylethylamine 
(OS  II,  503;  66%  yield),  which  involves  an  extended  period  of  heating 
of  acetophenone  with  ammonium  formate  at  temperatures  up  to  185°. 
There  is  evidence  that  ammonium  formate  rather  than  formamide  is  the 
essential  reactant.22 


C6H5COCH3  +  2HC02NH4  - ► 

CgH5CHNHCHO  +  2H20  +  co2  +  nh3 
ch3 


CgH5CHNHCHO  +  H20 

ch3 


CgH5CHNH2  +  HC02H 

ch3 


The  same  compound  can  be  made  by  heating  acetophenone  with 
ammonia  and  hydrogen  in  the  presence  of  Raney  nickel  (OS  23,  68;  52% 
yield).  In  this  process,  known  as  reductive  alkylation  (OR  4,  174),  the 
first  step  probably  is  the  addition  of  ammonia  to  the  carbonyl  group. 
The  methylation  of  amines  by  treatment  with  a  mixture  of  formalde¬ 
hyde  and  formic  acid  is  an  example  of  reductive  alkylation.  The  prep¬ 
aration  of  phenethyldimethylamine  is  illustrative  (OS  25,  89;  83% 
yield). 

Reductive  alkylation  can  be  realized  also  with  primary  amines  in 
place  of  ammonia.  For  example,  when  a  mixture  of  methylamine  and 
levulinic  acid  is  hydrogenated,  'y-methylaminovaleric  acid  is  produced. 
However,  it  readily  undergoes  cyclization  to  yield  1,5-dime  thy  1-2-pyr- 
rolidone  (OS  27,  28;  77%  yield). 


CH3C0CH2CH2C02H  %-— >  ch3chch2ch2co2h  — ► 

2  CH3NH  ch2-ch2 


CH3CH  CO 

\  / 

N 


22  Alexander  and  Wildman,  J.  Am.  Chem.  Soc.,  70,  1 187  (1948). 


ch3 
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Although  this  type  of  reaction  generally  is  carried  out  under  high  pres¬ 
sure,  satisfactory  low-pressure  procedures  are  available.23  2-Isopropyl- 
aminoethanol  can  be  prepared  at  low  pressure  from  acetone  and  etha- 

...  ..1 ™  i  OR  90.  OCO/  .  ri  /~kl 


nolamine  (OS  26,  38;  95%  yield) 
CH3n 


Pt 


CH-/ 


oo  +  h2nch2ch2oh  +  h2 - > 


ch3x 

CH-X 


chnhch2ch2oh  +  h2o 


o-Phenylenediamine  reacts  with  1,2-dicarbonyl  compounds  to  produce 
quinoxalines.  Glyoxal,  for  example,  gives  quinoxaline  in  a  yield  of  94%. 24 

N 

CHO  H2n/S  HC^  NV/\ 


+ 

CHO  HoN 


V 


HC 


+  2H20 


X  / V 

N 


Similarly,  biacetyl  is  transformed  into  2,3-dimethylquinoxaline. 

N 

ch3co  h2N(//\  ch3c^  \/\ 


i  + 

ch3co  h2n 


V 


CHsC\  /V 

N 


+  2H20 


The  method  of  formation  indicates  that  the  quinoxalines  are  Schiff 

bases;  however,  the  new  rings  are  aromatic  in  character  and  belong  to 
the  category  of  pyrazines. 

Benzils  react  readily  to  yield  the  corresponding  2,3-diarylquinoxalines, 
benzintseh' h6'"8  ^  Preparation  of  2,3-diphenylquinoxaline  from 


c6h5c=o  h2n/\ 

I  + 

c6h5oo  h2n^ 


N 

c6h5(^  y\ 


CfiH 


6^5^  / 

N 


+  2H20 


V 


When  an  o-quinone  is  employed,  the  product  is  a  phenazine  a  Meth 

°stT,r„b'  *“  "«» ™„:  “S; 

J  ollou ing  sequence  of  changes  (OS  26,  86;  33%  yield).' 

»  rrdCr  To  Misesadcs,/.  Am.  Chem.  Soc.,  70,  1315  (194s) 

25  ®‘"“an ,a"d  R™da»,  J  Am.  Chem.  Soc,  66,  540  (1044)  ' 

os  an  Towell,  J.  Am.  Chem.  Soc.,  70,  903  (1948). 
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OCH3 

/NoH 


Pb02 

- > 


OCH3 

^\=0 

N  OCH 

v=0 

\Vv 

This  type  of  reaction  serves  not  only  as  a  test  for  the  1,2-dicarbonyl 
structure  but  likewise  for  o-diaminobenzene  and  its  derivatives.  For 
the  latter  purpose  phenanthrenequinone  is  to  be  recommended. 


Hydroxylamine  probably  behaves  in  the  same  way  as  ammonia,  but 
in  this  reaction  water  is  eliminated  from  the  initial  product  and  oximes 
result.  The  formation  of  benzophenone  oxime  is  illustrative  (OS  II,  70). 
The  yield  is  practically  quantitative. 


C6H5\ 

C=0  +  NH2OH 

c6h/ 


C6H5X  /OH 

C-NHOH  ;=± 

CeH/  r  h 

'-^6n5\ 

C=NOH  +  H20 

CeHs^ 


Oxime  formation  is  general  for  aldehydes  and  ketones  and  is  reveisible 
at  every  step.  The  formation  of  aldoximes  is  illustrated  by  the  synthesis 

of  n-heptaldoxime  (OS  II,  313;  93%  yield). 

Advantage  is  taken  of  the  reversibility  in  converting  oximes  to  the 
corresponding  ketones,  it  being  usual  to  hydrolyze  them  in  the  presence 
of  a  hydroxylamine  acceptor  such  as  formaldehyde  or  pyruvic  acid. 

As  would  be  expected,  dicarbonyl  compounds  react  with  hydroxyl¬ 
amine  to  form  dioximes.  Dimethylglyoxime,  for  example,  can  be  made 
from  biacetyl  in  this  way.  Actually  this  dioxime  is  more  conveniently 

nreoared  from  methyl  ethyl  ketone  (p.  417).  .  , 

A  similar  reaction  occurs  with  O-alkylhydroxylamines,  the  products 
befng  oxime  ethers.  Carboxymethoxylamine  (p.  515)  converts  carbonyl 


/ 
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compounds  to  the  corresponding  O-carboxymethyloximes.  This  reagent 
is  useful  in  the  isolation  of  ketones.26 

Hydrazine  reacts  with  aldehydes  and  ketones  to  give  hydrazones, 
which  in  turn  may  react  with  a  second  molecule  of  the  carbonyl  com-  * 
pound  to  yield  azines. 

r2co  +  h2nnh2  — >  r2c=n-nh2  +  h2o 
r2on-nh2  +  OCR2 - ¥  r2c=n-n=cr2  +  h2o 

Hydrazone  formation  is  useful  in  the  aromatic  series,  benzophenone 
hydrazone  being  formed  in  an  82%  yield,  for  example  (OS  24,  54). 
This  hydrazone  is  important  because  oxidation  converts  it  to  diphenyldi- 
azomethane  (OS  24,  54). 

(C6H5)2C=NNH2  ^4  (C6H5)2CN2 

Azines  are  produced  generally  when  two  moles  of  aldehydes  are  em¬ 
ployed,  as  is  illustrated  by  the  preparation  of  benzalazine  (OS  II,  395- 
94%  yield). 


2C6H5CHO  +  H2NNH2  - >  C6H5CH=NN=CHC6H5  +  2H20 

Aliphatic  aldehydes  react  so  rapidly  that  the  intermediate  hydrazones 
cannot  be  isolated;  even  when  an  excess  of  hydrazine  is  employed,  the  * 
azine  is  practically  the  only  product.  Hydrazones  of  ketones  tend  to 
dispi  opoi  tionate  to  the  azine  and  free  hydrazine. 

Phenylhydrazine  converts  aldehydes  and  ketones  reversibly  to 
phenylhydrazones. 


R 


\ 


/ 


c=o  +  h2nnhc6h5 


R 


R  OH  H 

- N-NHCrH 

ft' 


6n5 


R 


\ 


R 


/ 


C  NNHC6H5  -f-  H?0 


■  1  he  reversibility  is  illustrated  by  one  of  the  methods  of  recovering  the 

s»xrr.ws::r  r* b  £ 

pyruvic  acid.  °  y  1  carbonyl  compound,  such  ns 


R2C=NNHC6H5  +  H20  ;=±  R2CO  +  H2NNHCrH 

ch3coco2h  +  h2nnhc6h5  —9  ch3-cco2h  +  h20  * 

,  NNHC6H5 

nchel  and  Schoenhcimer,  J.  Biol.  Chem ,  114,  539  (1936). 
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* 


a-Hydioxy  aldehydes  and  ketones,  as  well  as  a-keto  aldehydes  and 
a-diketones,  react  with  phenylhydrazine  to  yield  phenylosazones. 


CHO 

I 

CHOH 


+  3C6H5NHNH2 


* 


ch=nnhc6h5 

c=nnhc6h5 


+  C6H5NH2  +  NH3  H-  2H20 


These  derivatives  are  yellow  solids  that  crystallize  well  and  are  of  great 
value  in  the  purification  and  characterization  of  sugars. 

2,4-Dinitrophenylhydrazine  is  much  used  in  identification  work, 
chiefly  because  the  2,4-dinitrophenylhydrazones  generally  possess  rela¬ 
tively  high  melting  points. 

N02<^  ^NHNH2  +  RoCO  - ►  no2^  ^nhn=cr2  +  h2o 

^N02 


/3-Diketones  or  /3-keto  esters  yield  phenylhydrazones,  but  the  reaction 
/  goes  further  and  cyclic  products  result.  Acetylacetone,  for  example,  is 
converted  to  3,5-dimethyl-l-phenylpyrazole. 

ch3coch2coch3  C6H&m--^>  CH3CCH2COCH3 - > 


NNHC6H5 


CH,C 


ch3c- 


N 


-CH 

cch3 


\  / 

N 

c6h5 

Ethyl  acetoacetate  reacts  similarly  to  produce  3-methyl-l-phenyl- 

5-pyrazolone.  Q  CH3C - CH2 

CH3C-CH2C  - ►  II  I  +C2H5OH 

A-n-h  v°c^  \  /C° 


c6h5 


N 

C«Hs 


If  2  4-dinitrophenylhydrazine  is  employed,  ring  closure  does  not  occur. 
Similarly  semicarbazide  gives  rise  to  semicarbazones,  the  reaction 

being  reversible. 
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R\  R\ 

XC=0  +  H9NNHCONH2  ;z±  C=NNHCONH2  +  H20 

'  R/ 

Whereas  the  hydrolysis  of  oximes  and  phenylhydrazones  involves  con¬ 
siderable  difficulties,  the  regeneration  of  aldehydes  and  ketones  from 
their  semicarbazones  is  eminently  feasible.27 

An  interesting  experiment  was  carried  out  in  which  semicarbazide  was 
allowed  to  react  simultaneously  with  cyclohexanone  and  furfural.  The 
initial  product  was  almost  wholly  the  semicarbazone  of  cyclohexanone, 
the  final  product  almost  entirely  that  of  furfural.28 

Girard’s  reagent  T,  useful  in  the  isolation  of  carbonyl  compounds,  is  a 
hydrazine  derivative  containing  a  quaternary  ammonium  group.  It  is 
made  by  condensing  trimethylamine,  ethyl  chloroacetate,  and  hydra¬ 
zine  (OS  II,  85;  89%  yield). 

(CH3)3N  +  C1CH2C02C2H5  +  NH2NH2  - > 

[(CH3)3NCH2C0NHNH2]C1  +  C2H5OH 

It  yields  derivatives  that  are  highly  polar  and  consequently  extremely 
soluble  in  water.  For  example,  with  a  ketone  it  reacts  to  give  the  fol¬ 
lowing  type  of  salt. 


/R"| 

(CH3)3NCH2CONHN=C 


XR 


Cl 


Girard’s  reagent  P  is  made  by  using  pyridine  in  place  of  trimethyl 
amine.29  J 


[C5H5NCH2C0NHNH2]C1 


Formation  of  Sodium  Bisulfite  Addition  Compounds 

Aldehydes,  aliphatic  methyl  ketones,  and  alicyclic  ketones  up  t 
cyclooctanone  yield  sodium  bisulfite  addition  compounds. 


RCHO  NaHS03 


/OH 
RCH 
vS03Na 


Less  reactive  ketones  combine  very  slowly  or  not  at  oil  WRL 
agent.  For  example,  aliphatic  methyl  ketones  become  progress^ 

='Smith  and  Nichols,  J.  Org.  Chem.,  6,  489  (1941) 

29  p0naf  and  Bartlett,  J.  Am.  Chem.  Soc.,  64,  2881  (1932). 

•ir.m  an  Sandulesco,  Helv.  Chim.  Ada,  19,  1095  (1936). 
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less  reactive  as  the  size  and  complexity  of  the  second  alkyl  radical  are 
incieased.  I  his  relationship  between  structure  and  reactivity  is  illus¬ 
trated  by  the  following  table,  which  shows  the  yield  of  bisulfite  addition 
compound  at  the  end  of  20  and  of  70  minutes.30  Diethyl  ketone  forms 
a  bisulfite  addition  compound  very  slowly. 


Yield  (%)  of  addition 
compound 


Compound 

20  min. 

70  min. 

CH3CHO 

86.6 

88.7 

CH3COCH3 

39.7 

58.9 

CH3COCH2CH3 

22.5 

38.4 

CH3COCH2CH2CH3 

11.0 

25.5 

CH3COCH(CH3)2 

5.4 

13.0 

CH3COC(CH3)3 

5.6 

5.6 

Many  keto  esters,  such  as  ethyl  pyruvate,  ethyl  acetoacetate,  and 
ethyl  levulinate,  form  bisulfite  addition  compounds.  A  number  of  ali¬ 
phatic  diketones  have  been  shown  to  yield  derivatives  containing  two 
moles  of  bisulfite  for  each  mole  of  diketone.  Acety  lace  tone,  biacetyl, 
acetylpropionyl,  acetylbutyryl,  acety lvaleryl,  and  acetylcaproyl  show 
this  behavior.31 

It  is  interesting  that,  whereas  aliphatic  1,2-diketones  yield  disemi- 
carbazones  when  treated  with  semicarbazide,  the  corresponding  dibi¬ 
sulfite  addition  compounds  react  with  this  reagent  to  produce  a-triazine 
derivatives.31 


OH 

RCS03Na  HoNCO 
RCS03Na  +  H2NNH 
OH 


OH 

RC — NHCO 
RC — NHNH 
OH 


+  2NaHS03 


As  would  be  expected,  aromatic  ketones,  including  acetophenone, 

fail  to  form  bisulfite  addition  compounds. 

The  bisulfite  addition  compounds  are  formulated  as  hydroxy  sul¬ 
fonates;  i.e.,  the  sulfur  atom  is  believed  to  be  joined  directly  to  carbon. 
The  structure  of  the  potassium  bisulfite  addition  compound  of  formal¬ 
dehyde  has  been  proved  to  be  potassium  hydroxymethanesulfonate, 
H0CH2S03K.32  A  similar  structure  has  been  established  for  acetalde- 


30  Stewart,  J.  Chem.  Soc.,  87,  185  (1905). 

31  Ekeley  and  O’Kelly,  J.  Am.  Chem.  Soc.,  60,  2731  (1928). 

33  Lauer  and  Langkammerer,  J.  Am.  Chem.  Soc.,  67,  2360  (1935). 
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hyde.33  Bisulfite  addition  compounds  are  reconverted  to  the  aldehydes 
or  ketones  by  either  acids  or  bases. 


Formation  of  Cyanohydrins 

All  aldehydes  and  many  of  the  more  reactive  ketones  combine  addi- 
tively  with  hydrogen  cyanide  to  yield  the  corresponding  cyanohydrins. 
The  cyanohydrin  of  formaldehyde,  or  glycolonitrile,  is  made  in  an  80% 
yield  by  this  method  (OS  27,  41). 

CH20  +  HCN  - ¥  HOCH2CN 


If  methyl  sulfate  is  added  to  the  reaction  mixture  containing  the  gly¬ 
colonitrile,  the  product  is  methoxyacetonitrile  (OS  II,  387;  77%  yield). 

1  he  limitation  of  this  type  of  reaction  in  the  ketone  series  is  indicated 
roughly  by  the  fact  that  acetone,  methyl  ethyl  ketone,  diethyl  ketone, 
and  pinacolone  form  cyanohydrins,  whereas  diisopropyl  ketone  does 
not.  Probably  the  most  important  example  is  acetone,  which  affords  a 
yield  of  acetone  cyanohydrin  (OS  II,  7). 

/OH 

(CH3)2CO  +  HCN  - >  (CH3)2C 

XCN 

1  he  rate  of  addition  is  often  greatly  increased  by  the  addition  of  a  trace 
of  a  base  such  as  ammonia,  piperidine,  or  quinoline. 

This  type  of  compound  can  be  made  also  by  treating  bisulfite  addi-  , 
tion  compounds  with  sodium  cyanide. 


OH 

(CH3)2C^  +  NaCN 

XS03Na 


OH 

(CH3)2CCN  -j-  Na2S03 


By  this  method  acetoacetic  ester 
yield.34 


gives  the  cyanohydrin  in  an  85% 


OH 

CH3CCH2C02C2H5  +  NaCN 
S03Na 


OH 

CH3CCH2C02C2H5  +  Na,S03 
CN 


Methyl  cydopropvUcioiu mKl  1  benzo/acetone  fo1™  dicyanohydrins 

•  .  propyl  Ketone  undergoes  this  reaction  normally.35 

“’yimv.'v  ariH  fand’ J'  °rg '  Chem •’  6’  888  0941). 

JS  KhaletskTr'  /  r  ’  0*/-;7'  -4"I-  Chem-  SoC-’  67'  92(5  <1945)' 
etskii,  j,  (sen.  Chem.,  11,  319  (1941). 
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9H2\  CH2x  /OH 

I  CHCOCH3  - >  |  CHC-CN 

CH/  CH/  XCH3 

I11  chloioacetone  tli6  chlorine  atom  docs  not  interfere.33 


CH3C0CH2C1 


CH3n  /OH 

c 

C1CH/  XCN 


A  synthesis  of  citric  acid  involves  the  formation  of  the  cyanohydrin  of 
si/m-dichloroacetone.37 


CH2C1 

ch2ci 

l/OH 

CO 

-►  c 

|  NCN 

CH2C1 

CH2C1 

CH2CN  ch2co2h 

NaCN  I  /OH  H  o 

- ¥  c  — >  hocco2h 

I VCN  I 

ch2cn  ch2co2h 


Benzoin  Condensation 

Under  the  influence  of  alkali  cyanides  many  aldehydes  condense  to 
a-hydroxy  ketones,  or  acyloins.  In  the  aromatic  series,  where  the  reac¬ 
tion  is  of  greatest  importance,  these  compounds  are  called  benzoins  and 
from  them  the  reaction  gets  its  name  (OS  4,  269).  Benzoin,  the  simplest 
acyloin  in  the  aromatic  series,  is  formed  in  a  92%  yield  by  this  method 
(OS  I,  94). 

OH 

KCN  I 

2C6H5CHO  — —4  c6h5cochc6h5 

Furfural  behaves  very  much  like  benzaldehyde,  giving  furoin.  The 
yield,  however,  is  only  38%. 38 

CH - CH  CH - CH  CH - CH 

2  ||  ||  - ¥  ||  ||  II  II 

CH  CCHO  CH  CCOCHC  CH 

\  /  \  /  QfJ  \  _  / 

o  o  u  o 

The  benzoin  condensation  is  still  less  satisfactory  with  2-thenaldehyde ; 
2,2'-thenoin  is  formed  in  yields  of  30%.39 

36  Hurd  and  Rector,  J .  Org.  ('hem.,  10,  441  (1045). 

33  Grimaux  and  Adam,  J.  prakt.  Chem.,  (2),  22,  105  (1880);  Compl.  rend.,  90,  1252 
(1880) 

38  Hartman  and  Dickey,  J.  Am.  Chem.  Soc.,  55,  1228  (1033). 

39  Deschamps,  King,  and  Nord,  J .  Org.  Chem.,  14,  184  (1949). 


BENZOIN  CONDENSATION 


381 


CH - CH 


CH - CH 


CH- 


CH  CCHO 

\  / 

S 


CH  CCOCHCH 

\  / 
s 


CH 

II 

CH 


OH 


S 


It  is  possible  in  certain  instances  to  obtain  satisfactory  yields  of 
mixed  benzoins  by  heating  a  mixture  of  two  different  aldehydes  in  the 
presence  of  a  cyanide.  Thus  p-dimethylaminobenzaldehyde  and  m-bro- 
mobenzaldehyde  form  3'-bromo-4-dimethylaminobenzoin  in  a  50% 
yield.40 


Br 


(CH3)2N<^^>CHO  +  A^AcHO 


O  OH 


Br 


(CH3)2N^36-6h^~> 


Similarly  anisaldehyde  and  benzaldehyde  form  4-methoxybenzoin  in  a 
70%  yield.41 

O  OH 

^  II  I 

-c-chcgh5 


CcH-.CHO  +  ch3o/  >cho  — >  ch3o< 


These  results  are  explained  by  reference  to  the  tendency  of  an  alde¬ 
hyde  to  condense  as  a  carbonyl  compound  on  the  one  hand  or  as  an 
active  hydrogen  compound  on  the  other  hand.  In  the  above  examples 
m-bromobenzaldehyde  and  benzaldehyde  fall  in  the  first  category’ 
p-dimethylaminobenzaldehyde  and  anisaldehyde  in  the  second  &  ’ 

It  is  not  surprising,  then,  that  many  aromatic  aldehydes  fail  to  yield 

dehvTe  nCTheenZ0J T  Arng  th6Se  are  the  nitr°-  and  Mroxybenzal- 
dehjdes  1  he  chloro-,  bromo-,  and  p-dimethylaminobenzaldehydes 

afford  only  very  small  yields  (OR  4,  269)  ^ 

When  benzoin  is  treated  with  certain 'substituted  benzaldehvdes  in 
ie  presence  of  potassium  cyanide,  mixed  benzoins  may  be  formed 

J£ldV  amSaldehyde  18  used-  4-methoxybenzoin  forms  in  a  79% 


OH 


C  0H5CHCOC15H5  -(-  2CH30<^  ^>CHO 


O  OH 


2CH3°<=>c-6hc6h, 

m  the  reversibility  the  beeteie  er.de.uui™ 

..  Leonard  Ran  f  A'  S°C"  62>  220  (l!)30). 

■  'd^r"LK:S;  xzsx-  *  -  «»>. 
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It  is  significant  that,  in  all  the  mixed  benzoins  that  have  been  prepared 
by  the  benzoin  condensation,  the  carbonyl  group  is  attached  to  the  aryl 
ring  which  is  richer  in  electrons  and  which,  accordingly,  has  the  greater 
power  to  “neutralize”  the  electron  deficiency  of  the  carbonyl  carbon 
atom. 

The  formation  of  acyloins  in  the  aliphatic  series  is  illustrated  by  the 
conversion  of  phenylglyoxal  to  dibenzoylformoin. 

2C6h5cocho  -k-cn  )  C6H5COCOCHCOC6H5 

OH 

It  is  believed  that  in  the  fermentation  of  sugars  acetoin  is  formed  from 
acetaldel^de.  Another  example  of  this  type  of  condensation  in  the 
aliphatic  series  is  the  formation  of  glycolaldehyde  from  formaldehyde. 

2CH20  - >  HOCH2CHO 

The  mechanism  of  the  benzoin  condensation  has  been  formulated  as 
follows. 


H 

C6H5-C=0  -h  [iC=Ni]-  ^=± 

C6H5-C-C=N  I 

I 

iOi 

H 


r  h 

— 

C6H5-C-C=N  1 

1 

lOl 

_ 1 

T - ■ 

c6h5cho 

- > 


iNeeC  lOl 

c6h5-c— c-c6h5 

I  I 

H-Oi  H 


i  O-H 

c6h5c-c-c6h5 

II  I 

lOl  H 


Formation  of  Thioaldehydes  and  Thioketones 

Aldehydes  and  a  wide  variety  of  ketones  react  with  hydrogen  sulfide 
in  the  presence  of  hydrochloric  acid  or  zinc  chloride  to  yield  the  cor¬ 
responding  thio  compounds. 

3R2CO  +  3H2S  — >  (R2C=S)3  +  3H20 

The  tendency  of  the  simpler  aldehydes  to  form  cyclic  trimers  is  much 
more  marked  in  the  thiocarbonyl  compounds,  the  monomeric  sulfur 
compounds  being,  in  fact,  difficult  to  isolate.  Thus,  when  ormaldehyde 
reacts  with  hydrogen  sulfide  in  the  presence  of  hydrochloric  acid,  the 
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product  is  not  thioformaldehyde  but  its  cyclic  trimer,  sz/ra-trithiane 
(OS  II,  610;  94%  yield). 


S 


HC1  CH2  ch2 

3CH20  +  3H2S  —4  |  |  +  3H20 

s  s 


CH; 


The  Prins  Reaction 

The  Prins  reaction  takes  place  when  certain  ethylenic  compounds  are 
treated  with  aldehydes.43  Styrene,  for  example,  combines  with  formal-  ^ 
dehyde  in  the  presence  of  sulfuric  acid  to  yield  a  glycol.44 


C6H5GH— CH2  -f-  CH20  -p  H20 


4  c6h5chch2ch2oh 

OH 


In  the  presence  of  sodium,  vinyl  acetate  condenses  with  two  molecules 
of  acetaldehyde  to  give  a  dioxane  derivative  in  a  46%  yield.45 


CH2=CHOCOCH3  +  2CH3CHO 


CH2CHOCOCH3 

o 


/  \ 


CH3CH 

o — CHCH3 


This  reaction  has  been  used  to  convert  trichloroethylene  into  a-chloro- 
acrylic  acid. 


CHCl-CCh 


CHC1=CC12  +  2CH20 


ch2 

\ 

0- 


\ 


o 


-CH 


ch2=ccico2h 


1  >b,  ;y  re  atec  r™ctlon  ls  the  uncatalyzed  condensation  of  meth- 

ylenecyclohexane  and  some  of  its  derivatives  with  formaldehyde  to 
ple  d  the  corresponding  (3-cyclohexenylethyl  alcohols.  When  methvl 
cyclohexane,  for  example,  is  heated  for  4  hours  at  200  20^° 
paraformaldehyde  in  a  sealed  tube,  T 

lated  as  follows!  y  ^  mechanism  has  been  formu- 

1  p  °  Pnns>  Rec ’  trav •  C^'w.,  51,  469  (1932) 

•  <«. «■  m  mm. 
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CH2CH2OH 


A 

CII2  CII 


ch2  ch2 
xch2 


ch2  ch2 
xch2 


Ethynylation 

It  has  been  found  that  acetylene  condenses  with  one  or  two  molecules 
of  a  carbonyl  compound  in  the  presence  of  copper  acetylide  as  a  catalyst. 
With  formaldehyde  the  products  are  propargyl  alcohol  and  2-butyne- 
1  4-diol 47 

'  c2h2  +  ch2o  — >  hoecch2oh 


C2H2  +  2CH20  - ►  HOCH2C=CCH2OH 


From  the  acetylenic  diol  1,4-butanediol  can  be  made  by  hydrogena¬ 
tion.  The  butanediol  can  be  dehydrated  to  1,3-butadiene  or  to  tetra- 
hydrofuran,  a  compound  which  serves  as  a  raw  material  in  the  synthesis 
of  many  substances,  including  4-chloro- 1-butanol,  1,4-dichlorobutane, 
adiponitrile,  and  hexamethylenediamine. 

— 2HoO 

hoch2ch2ch2ch2oh - — >  ch2=ch-ch=ch2 


HC1 


>  C1CHoCH2CH2CH2C1 


ncch2ch2ch2ch2cn  — >  h2nch2ch2ch2ch2ch2ch2nh2 

The  production  of  butadiene,  one  of  the  most  important  processes  based 
on  Reppe’s  disclosures,  was  actually  accomplished  industrially  bv  de¬ 
hydration  of  tetrahydrofuran.  The  commercial  method  involved  the 

following  four  steps. 

(1)  HC=CH  +  2CH20  - >  HOCH2C,CCH2OH 

(2)  HOCH2C=CCH2OH  — >  hoch2ch2ch2ch2oh 
n  gee  Hanford  and  Fuller,  Ind.  Eng.  Chem.,  40,  1171  (1948). 
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(3)  HOCH2CH2CH2CH2OH 


ch2 — ch2 

4  I  |  +HoO 

ch2  ch2 

\  / 

o 


(4) 


CH2 — CH; 
CH2  CHs 


0 


4  ch2=chch=ch2  +  h2o 


Condensation  of  acetylene  with  acetaldehyde  leads  to  the  preparation 
of  2,5-hexanediol. 

The  Willgerodt  Reaction 

When  alkyl  aryl  ketones  are  treated  with  yellow  ammonium  pol}r- 
sulfide,  a  very  unusual  reaction  occurs,  the  side  chain  being  transformed 
in  such  a  way  as  to  give  the  amide  of  the  corresponding  co-aryl  carboxylic 
acid  (OR  3,  83). 48 

ArCO(CH2)nCH3  ArCH2(CH2)nCONH2 

This  extraordinary  transformation,  discovered  by  Willgerodt,  is 
general  not  only  for  ketones  of  this  type  but  also  for  aliphatic  ketones 
such  as  pinacolone  and  4-heptanone.49  In  many  cases  the  yields  are 
\eiy  good.  The  reagent  is  made  by  saturating  concentrated  ammonium 
hydroxide  with  hydrogen  sulfide  and  dissolving  10%  by  weight  of  sulfur 
in  the  solution,  the  addition  of  40%  of  dioxane  or  of  pyridine  greatly 
improves  the  yield.  The  yield  falls  off  as  the  value  of  n  increases.  Ex¬ 
amples  of  the  use  of  this  method  are  found  in  the  synthesis  of  2-naphthyl- 
acetamide  and  2-phenanthrylacetamide. 

_ 


(NH4)2Sj 


COCH- 


/\ 


COCH3 


%JxyCH2CONH2 

^CH2CONH2 


(NH4)2S, 


-4 


w 


w 


han,  J.  A  yTche^slT&i'  2687  OMOi’^B’  T’  1354  (1^°);  Bachmann  ">d  Shee- 
Soc.,  63,  2494  (1941).  ’  (1940)*  Bachraann  a"d  Carmack,  J.  Am.  Chan. 

"  Cavalieri,  I’attison,  and  Carmack,  J.  Am.  Chem.  Soc.,  67,  1783  (1945). 


CARBONYL  COMPOUNDS 

.  Although  the  mechanism  of  the  change  is  not  known  with  certainty, 
it  appears  that  a  progressive  reaction  occurs  along  the  chain  which  will 
pass  a  tertiary  but  not  a  quaternary  carbon  atom.50  For  example,  iso- 
but>  rophenone  yields  o:-methyl-/3-phenylpropionamide. 

C6H5COCHCH3  - >  C6H5CH2CHCONH2 

ch3  ch3 


The  Willgerodt  method  has  been  improved  greatly  by  Kindler,  who 
used  sulfur  and  a  dry  amine  instead  of  aqueous  ammonium  polysulfide. 
A  thioamide  is  the  principal  product.  For  example,  when  a  mixture  of 
acetophenone,  sulfur,  and  morpholine  is  heated,  the  thiomorpholide  is 
obtained  in  an  excellent  yield. 


/CH2CH2x 

c6h5coch3  +  s  +  hn  o  — ► 

\CH2CH2/ 

/  /CH2CH2x 

c6h5ch2c-n  o  +  h2o 

xCH2CH2/ 


s 


It  has  been  established  that  the  reaction  is  not  peculiar  to  ketones  but 
occurs  also  with  aldehydes,  alcohols,  olefins,  and  acetylenes.  For  ex¬ 
ample,  when  styrene  is  heated  with  sulfur  and  morpholine,  phenyl- 
thioacetomorpholide  is  formed.  Hydrolysis  converts  the  morpholide  to 
phenylacetic  acid;  the  over-all  yield  is  84%. 51 


Reaction  with  Phosphorus  Pentachloride 

Phosphorus  pentachloride  converts  aldehydes  and  ketones  to  the  cor¬ 
responding  dicliloro  derivatives. 


RxOO  +  PC15  - >  CC12  +  POCI3 

IV  IV 


This  reaction  is  general  but  finds  little  application,  its  chief  use  being  in 
the  preparation  of  chlorides  to  be  employed  in  the  syntheses  of  acety¬ 
lenic  compounds  (OR  5,  20).  When  acetophenone,  for  example  is 
treated  with  phosphorus  pentachloride,  the  dichloride  obtained  reach  y 
loses  hydrogen  chloride  to  yield  a-chlorostyrene.  Dehydrochlorination 
of  the  halo  styrene  produces  phenylacetylene  (p.  149). 


60 

51 


See  McMillan  and  King,  J . 
King  and  McMillan,  J.  Am 


Am.  Chem.  Soc.,  70,  4143  (1948). 
.  Chem.  Soc.,  68,  2335  (1946). 
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Condensation  with  Acyl  Halides 

Acyl  halides  combine  with  aldehydes  to  produce  esters  holding  a 
halogen  atom  in  the  alpha  position  of  the  alkyl  group.  An  example  is 
the  preparation  of  bromomethyl  acetate  from  acetyl  bromide  and  poly 
oxymethylene.52 

CH3COBr  +  CH20  - >  CH3C02CH2Br 

The  reaction  occurs  in  the  aromatic  series  also  and  affords  high  yields. 
For  example,  benzoyl  bromide  combines  with  p-bromobenzaldehyde  to 
give  an  80%  yield  of  ester.53 

C6H8COBr  +  Br<^  ^CHO  - >  C6H5C02CH<^  ^>Br 

Br 


Loss  of  Carbon  Monoxide 

The  carbon  monoxide  cleavage  of  oxalacetic  esters  and  polyketones  54 
is  remarkable  in  that  it  involves  the  smooth  elimination  of  a  carbonyl 
group  (as  carbon  monoxide)  from  a  nonterminal  position  in  a  carbon 
chain.  Even  more  unusual  is  the  fact  that  the  residual  fragments  re¬ 
unite  to  give  a  simpler  ester  or  ketone.  The  following  equations  repre¬ 
sent  illustrative  types  of  the  general  reaction. 


rcoch2coco2r 

RCOCOCOR 


4  rcoch2co2r  +  co 

4  RCOCOR  +  CO 


The  cleavage  seems  to  be  general  for  compounds  containing  the  struc- 
tural  unit  -COCOCO-.  However,  the  oxalylacetic  esters — a  type  very 
frequently  encountered — offer  no  such  uniformity  of  behavior.  It  has 
been  observed  in  several  cases  that  each  of  two  similar  esters  may  con¬ 
tain  the  grouping  -C0CHC0C02R,  yet  one  will  lose  carbon  monoxide 

readily  whereas  the  other  will  fail  completely  to  do  so.  A  survey  of  the 

data  available  on  this  cleavage  has  made  possible  the  formulation  of  an 

empirical  rule  by  which  it  is  possible  to  predict  when  the  cleavage  will 

occur.  The  rule  states  that  the  grouping  -COCOA  will  tend  to  lose  carbon 

monoxide  at  elevated  temperatures  if  it  is  attached  to  a  carbonyl  group  or  an 
enolic  vinyl  group  (HOC=C-).  1 

I  I 

R  R 

”  ,,Vvrudl'’  BulL  soc-  c/>im.  France,  (3),  27,  867  (1902) 

«  v  Ln<*  V0‘Wiler'  -L  Am ■  Chem •  Soc  >  1732  (1918) 

FUson,  Matuszeski,  and  Gray,  J.  Am.  Chem.  Soc.,  56,  2099  (1934). 
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In  pol} ketones  A  is  an  alkyl  or  aryl  group;  in  oxalyl  derivatives  it 
is  OR.  In  the  simplest  case  the  rule  predicts  that  compounds  contain¬ 
ing  the  groups  -COCOCOR  and  -C0C0C02R  will  give  carbon  monox¬ 
ide  when  heated.  This  expectation  is  realized  with  esters  having  the 
group  -COC  0C02R.  Ethyl  diketosuccinate,  for  example,  gives  carbon 
monoxide  and  ethyl  mesoxalate  at  125°.  The  latter  is  converted  to 
ethyl  oxalate  at  180°. 


C02C2H5 

CO 

CO 

co2c2h5 


-CO 

125° 


co2c2h5 

»  CO 

co2c2h5 


-CO  co2c2h5 

180°  >  C02C2H5 


The  type  most  commonly  met  contains  the  grouping 


-C0CH2C0C02R 

The  situation  is  complicated  by  the  fact  that  such  a  molecule  may  exist 
in  two  enolic  modifications. 


OH  OH 

-c=chcoco2r  ;=±  -coch2coco2r  ^z±  -coch=cco2r 

I 


Since  the  three  forms  are  in  equilibrium,  it  is  sufficient  that  one  of  them 
undergo  the  decomposition.  The  rule  leads  to  the  assumption  that 
form  I  is  responsible  for  the  carbon  monoxide  cleavage. 

Numerous  examples  of  this  type  of  behavior  could  be  cited.  Ethyl 
methylmalonate,  for  example,  can  be  made  in  nearly  theoretical  yields 
from  ethyl  ethoxalylpropionate  in  this  way  (OS  II,  279). 


/C02C2H5 

ch3ch 

\C0C02C2H5 


heat 


/C02C2H5 

>  ch3ch 

nco2c2h5 


+  CO 


Ethyl  sebacate  also  has  been  condensed  with  ethyl  oxalate,  and  the 
product  converted  to  a  substituted  malonic  ester. 


(CH2)7C02C2H5 

ch2 

co2c2h5 


co2c2h5 
+  co2c2h5 


NaOC2H5 

- > 


(CH2)7C02C2H5 

chcoco2c2h5 

co2c2h5 


(CH2)7C02C2H5 

CH(C02C2H5)2 


65  Zakutskaya, ./.  Gen.  Client.,  .10,  15o3  (1040). 
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Ethyl  phenylmalonate  can  be  made  in  a  similar  manner  (OS  II,  288). 
This  synthesis,  which  affords  85%  yields,  has  been  used  in  the  drug 

industry. 

CO2C2H5 

C6H5CH2C02C2H5  +  bo  CoKr  - * 


C6H5CHCO2C2H5 

coco2c2h5 


C6H5CH(C02C2H5)2 


In  certain  cases  it  has  been  demonstrated  that  the  loss  of  carbon 
monoxide  by  ethoxalyl  compounds  is  promoted  by  addition  of  powdered 
soft  glass.56 

It  is  a  significant  fact  that  where  form  I  is  impossible  no  cleavage 
occurs.  Thus  ethyl  dimethyloxalacetate  does  not  lose  carbon  monoxide 
when  heated. 

ch3 

C2H5O2C-C-COCO2C2H5 

CH3 


It  boils  at  230°  at  atmospheric  pressure.57  Even  more  striking  is  the 
thermal  stability  of  alkoxalylmethanetricarboxylic  esters.  The  methyl 
ester,  for  example,  boils  at  285-286°  without  evolving  carbon  monox¬ 
ide.58 

C02CH3 

ch3o2cc-coco2ch3 

co2ch3 


Evidence  in  support  of  the  postulate  that  form  I  is  responsible  for  the 
carbon  monoxide  cleavage  has  come  from  a  study  of  oxalyl  derivatives 
of  cyclanones.  There  is  a  sharp  difference  between  the  derivatives  of 
cyclopen tanone  and  those  of  the  higher  cyclanones.  Thus,  whereas 
2-ethoxalylcyclohexanone  (A)  and  2-ethoxalylcycloheptanone  ( B) 
readily  lose  carbon  monoxide  when  heated,  2-ethoxalylcyclopentanone 
(C)  is  stable  at  relatively  high  temperatures. 

56  Bachmann,  Cole,  and  Wilds,  J.  Am.  Chem.  Soc.f  62,  824  (1940). 

5'  Rassow  and  Bauer,  J.  prakt.  Chem .,  (2),  80,  87  (1909). 

68  Scholl  and  Egerer,  Ann.,  397,  301  (1913). 
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CO 

CO 

/  \ 

/  \ 

ch2  chcoco2c2h5 

ch2  chcoco2c2h 

ch2  ch2 

ch2  ch2 

\  / 

ch2 

CHo  CHo 

A  B 

CO 

/  \ 

ch2  chcoco2c2h5 

ch2 — ch2 

c 

This  behavior  is  so  general  that  it  has  been  suggested  as  a  criterion  in 
differentiating  five-  and  six-membered  cyclanones.59 

In  2-ethoxalylcyclopentanones  the  formation  of  enols  of  form  I  would 
be  inhibited  because  the  introduction  of  a  double  bond  into  a  five- 
membered  ring  would  bring  about  a  condition  of  strain.  For  larger 
rings  this  increase,  if  any,  in  strain  would  be  much  less. 


OH 

i 

C 

/  \ 

ch2  ccoco2c2h5 


CO 

/  \ 

ch2  chcoco2c2h5 


CH< 


-ch2 

I 


CHo — CH^ 


CO 


OH 

ch2  c=cco2c2h5 
ch2 — ch2 

In  the  compounds  that  lose  carbon  monoxide  it  is  to  be  noted  that 
the  carbonyl  group  to  be  eliminated  is  held  loosely  because  of  election 
impoverishment  of  the  adjacent  atoms.  This  observation  applies  like¬ 
wise  to  acetylenic  aldehydes,  which  are  known  to  lose  carbon  monoxide 
when  heated.  Phenylpropiolaldehyde,  for  example,  yields  carbon 
monoxide  and  phenylacetylene. 

C6H5C=CCHO  - »  C6H5C=CH  +  CO 

A  number  of  carboxylic  acids  lose  carbon  monoxide  when  treated 
with  concentrated  sulfuric  acid.  The  decomposition  of  formic  acid  is 
an  example. 

hco2h  +  h2so4 - ►  CO  +  oh3+  +  hso4- 

m Kotz,  Ann.,  348,  111  (1906). 
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This  type  of  decomposition  is  exhibited  also  by  triphenylacetic  acid, 
which,  as  would  be  expected,  yields  a  stable  positive  triphenylmethyl  ion. 

(C6H5)3CC02H  +  2H2S04  - > 

(C6H5)3C+  +  OH3+  +  2HS04-  +  CO 

a-Hydroxy  acids  behave  in  a  similar  manner,  yielding  aldehydes  or 
ketones.  An  example  is  the  conversion  of  citric  acid  to  acetonedicar- 
boxylic  acid  (OS  I,  10;  90%  yield). 

ch2co2h  ch2co2h 

1  “  -CO  1 

hocco2h  - ►  CO 

I  -H20  I 

ch2co2h  ch2co2h 

It  may  be  mentioned  that  when  carbonyl  compounds  are  decomposed 
photochemically  carbon  monoxide  is  produced.  Photolysis  of  acetone, 
for  example,  yields  carbon  monoxide  together  with  varying  amounts  of 
methane  and  ethane.60 

The  elimination  of  carbon  monoxide  is  reminiscent  of  the  decomposi¬ 
tion  of  azo  compounds.  It  will  be  recalled  (p.  184)  that  nitrogen  and 
carbon  monoxide  are  isosters  and  that  the  electron  pattern  which  they 
exhibit  is  very  stable.  It  is  assumed  that  this  high  order  of  stability  of 
carbon  monoxide  and  nitrogen  favors  their  formation. 


Ketenes 

The  electron  deficit  is  extreme  in  carbon  dioxide,  ketenes,  isocyanates, 
and  other  molecules  of  the  cumulene  type.  As  would  be  expected,  these 
substances  combine  readily  with  water,  alcohols,  amines,  and  other 
donor  molecules.  The  behavior  of  ketenes  is  illustrative. 

The  name  implies  that  the  ketenes  are  to  be  looked  upon  as  unsatu- 
urated  ketones.  However,  it  is  possible  to  think  of  them  also  as  inner 
an  ydndes  of  acids.  With  water,  ammonia  or  amines,  and  halogen 
acids  they  yield,  respectively,  acids,  amides,  and  acid  chlorides.  These 
reactions  are  formulated  as  involving  1,2  addition  to  the  carbonyl  group 
followed  by  ketomzation  of  the  unstable  enol  P 


R2C=C=0  +  H,0 


R2C=C=0  +  RNH- 


OH 

[RoC=COH] 

OH 


60 


— ►  [R2C=CNHR] 
OH 

R2C=C=0  +  HX  - >  [R2C=CX]  _ 

Davis,  J.  Am.  Chem.  Soc.,  70,  1867  (1948). 


R2CHCO0H 


RoCHCONHR 


R2CHCOX 
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Both  aliphatic  and  aromatic  acids  react  with  ketone  to  give  anhydrides. 

CH2=C=0  +  RC02H  - ¥  RCO-O-COCH3 

Ivetene  is  used  as  an  acetylating  agent  for  phenol’s,  mercaptans,  and 
alcohols,  acetylation  being  carried  out  in  the  presence  of  a  small  amount 
ov  sulfuric  acid. 

Aldehydes  and  ketones  may  yield  acetates  when  treated  with  ketene 
in  the  presence  of  sulfuric  acid  or  p-toluenesulfonic  acid.  Acetylsulfo- 
acetic  acid,  formed  from  sulfuric  acid  and  acetic  anhydride,  is  particu¬ 
larly  effective. 

H2S04  +  2(CH3C0)20  - ¥  CH3C02S02CH2C02H  +  2CH3C02H 


By  this  method  enol  acetates  are  readily  made  from  such  compounds 
as  acetaldehyde,  acetone,  and  methyl  ethyl  ketone.  A  particularly 
interesting  example  is  crotonaldehyde,  which  is  converted  to  1-acetoxy- 
1, 3-butadiene. 


CH3CH=CHCH=0  +  CH2=C=0  - y  CH3C02CH=CH-CH=€H2 


Ketene  readily  forms  a  dimer,  known  as  diketene  (OS  21,  64;  55% 
yield).  Infrared  studies  indicate  that  diketene  is  a  mixture  of  two  or 
more  forms,  the  most  likely  being  vinylaceto/3-lactone  and  /3-crotonolac- 

tone  6^ 

ch2=c-ch2  ch3c=cii  o=c — ch2 
o-c=o  o-c=o  ch2-c=o 

Vinylaceto-/3-lactone  /3-Crotonolactone  1,3-Cyclobutanedione 


Tracer  work  involving  C14  has  confirmed  this  opinion  and  established 
that  1 ,3-cyclobutanedione  is  not  an  important  component  of  the 

mixture.62 

Diketene  has  found  use  industrially  in  the  preparation  of  methyl  and 
ethyl  acetoacetate  and  acetoacetanilide  (OS  21,  4;  74%  yield). 


(CH2=c=o)2  +  ch3oh  — y  ch3coch2co2ch3 

(CH2=C=0)2  +  C6H5NH2  - ¥  CH3COCH2CONHCoH5 


A  convenient  synthesis  of  /3-keto  esters  consists  in  converting  an  acid 
chloride  to  the  corresponding  ketene  dimer  and  subsequent  treatment  oi 
the  dimer  with  an  alcohol  (OR  3,  108).  The  dimer  is  produced  by  allow¬ 
ing  the  acid  chloride  to  stand  16  hours  with  triethylamine.  An  example 

is  ethyl  a-s tearoy lstearate . 


«'  Miller  and  Koch,  J.  Am.  Chem.  Soc  70,  1800  (1048). 

«  Roberts,  Armstrong,  Trimble,  and  Burg, Am.  Chem.  Soc. ,  71,  S43  (l.UJ). 
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2CH3(CH2)15CH2C0C1 


(C2H5)3N  ,  C2H6OH 

- >  [CH3(CH2)i5CH=C=OJ2  - > 

CH3(CH2)15CHC02C2H5 

ch3(ch2)16c=o 


Carbocycles  can  be  formed  from  bifunctional  ketenes,  the  procedure 
being  to  dehydrochlorinate  the  acid  chloride  of  a  dibasic  acid  and  sub¬ 
ject  the  resulting  ketene  dimer  to  hydrolysis  or  alcoholysis.  From 
adipyl  chloride,  for  example,  2-carbethoxycyclopentanone  was  obtained 
in  a  40%  yield.63 


COC1 

c=o 

/ 

/ 

ch2  COC1 

CH  C=0 

- 

-H  II  — 

ch2  ch2 

CH2  CH 

\  / 

\  / 

ch2 

ch2 

internal  C2II5OH' 
“dimer” 

CO 


/  \ 

CH2  CHCO2C0H5 

ch2 — ch2 


Applied  to  the  chlorides  of  higher  dibasic  acids,  this  procedure  affords 
a  method  of  making  large  carbocyclic  rings.64 

In  the  presence  of  suitable  catalysts,  ketenes  combine  with  many 
carbonyl  compounds  to  produce  four-membered  or  /3-lactones,  an  exam¬ 
ple  being  the  formation  of  0-propionolactone  from  ketene  and  formalde¬ 
hyde  in  the  presence  of  zinc  chloride.65 


ch2=c=o  +  ch2=o  ch2-c=o 

I  I 

a  ,  .  ch2-o 

Acetone  yields  a  similar  product. 

ch2-c=o 

CH2=C=0  +  (CH3)2C=0  - ►  (CH3)2C - 6 

comSoundasCtFor eT  dc.Carboxyla^  by  heatinS>  yielding  unsaturated 
compounds.  For  example,  benzaldehyde  affords  good  yields  of  styrene. 

CH2=C=0  +  C6H5CH=0  - >  ott  ^  ^  -C02 


CH2-C=0  —4  c6h5ch=ch2 


c6h5ch-o 


63 


Sauer,  J.  Am.  Chem.  Soc.,  69,  2444  (1947). 

omquist  and  Spcnccr,  J.  Am.  Chem.  Soc.,  70,  30  (1948) 
Hagemeyer,  Ind.  Eng.  Chem.,  41,  765  (1949).  b 
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In  a  similai  "way,  biacetyl  combines  with  ketene  in  the  presence  of  a 
boi  on  trifluoride  etherate  to  form  a  di-/3-lactone,  which  is  pyrolyzed  to 
2,3-dimethyl- 1 ,3-butadiene. 


2CH2=C=0 


ch3c=o 
+  ch3c=o 


ch2-c=o 

CH3C - O  —  2CO2  ch2=c- — c=ch2 

ch3c — 0  *  ch3  ch3 

II  * 

ch2-c=o 


Unsaturated  aldehydes  and  ketones  yield  both  1,2  and  conjugate 
addition  products.  1,2  Addition,  as  illustrated  by  the  synthesis  of  fuch- 
sone  from  benzoquinone  and  diphenylketene,  depends  on  a  similar  addi¬ 
tion  reaction. 


O 

11 

O  C 

C  /  \ 
C6H5xy  CH  CH 

c  +  I!  II 

C6H/  CH  CH 


C 

11 

o 


o 

II 

c 

c6h5x  I 

c 

c6h5/ 


o 


c 


/ 

\ 

CH 

CH 

11 

CH 

CH 

\  / 
c 


II 

o 


-co2 


> 


C6H5x  /CH=CHx 

c=c  c=o 

c6h5/  ^ch=ch^ 


Diphenylketene  combines  with  benzalacetophenone  in  both  the  1,2 
and  the  conjugate  manner,  yielding  a  mixture  of  beta-  and  de/fa-lactones. 
The  carbonyl  group  of  the  ketene  is  not  directly  involved. 


O 

c6h5ch=chcc6h5 

(C6H5)2C=C=oJ 


c6h5 

c6h5ch=chc — o 

(C6H.5)2C - C=0 

c6h5ch-ch=cc6h5 
(C6H5)2C — c  6 
0 


Ketenes  react  with  organometallic  compounds  after  the  fashion  of 
carbonyl  compounds.  For  example,  diphenylketene  and  phenylmag- 
nesium  bromide  give  triphenylethanone. 


STERIC  HINDRANCE 


395 


(C6H5)2C=(>0  +  C6H5MgBr  - >  (C6H5)2C=COMgBr 

C6H5 


h2o 


4  (C6H5)2CHCOC6H5 


[(C6H5)2C=COH]  - 

c6h5 

The  reaction  between  phosphorus  pentachloride  and  ketene  yields 
chloroacetyl  chloride. 

PC15 

CH2=C=0  - >  C1CH2C0C1 

This  and  a  good  many  other  reactions  appear  to  involve  only  the  carbon- 
carbon  double  bond.  Keto  ketenes  dimerize  to  give  cyclobutanediones; 
diphenylketene  is  an  illustration. 

(C6H5)2-C-C=0 
*  0=C-C(C6H5)2 


(C6H5)2C=O=0 

0=C=C(C6H5)2 


A  somewhat  similar  addition  reaction  takes  place  between  diphenyl¬ 
ketene  and  cyclopentadiene. 


CH2 

/  \ 

CH  CH 

II  II 

CH - CH 


C=0 

+  cc6h5 
c6h5 


ch2 
/  \ 

CH  CH-C=0 


CH - CH-CC6H5 

c6h5 


The  condensation  of  ketene  with  diazomethane  appears  to  belong:  to 
this  category  also  (p.  554). 

Carbon  suboxide,  produced  by  treating  malonic  acid  with  phosphorus 
pentoxide  (p.  87),  behaves  much  like  other  ketenes.  It  combines  with 

esters  ^  regenerate  malonic  acid  and  with  alcohols  to  yield  malonic 

0=C=C=C=0  +  2ROH  - >  0=C-CH2-C=0 

OR  OR 


oienc  Hindrance 

u  *  wir,u“  ~ 

•»  extent  «■  — 

™  ^  Viete  ^  explain  ,1,  Mu« Z’S,1°Z 
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mesitoic  to  undergo  esterification  when  treated  in  the  usual  way  with  an 
alcohol  in  the  presence  of  a  mineral  acid.  In  the  same  category  is  the 
failure  of  acetomesitylene  to  give  an  oxime.  In  both  these  samples, 
models  show  that  the  space  requirements  are  such  as  to  make  the  forma¬ 
tion  of  the  intermediate  addition  compound  difficult  or  impossible. 


ROII 


->  ch3< 


h2noii 


>  ch3<^ 


CH3  OT? 

VOH  ^ 

ch3  oh 

O 

CO 

CH^ 

>c 

\ 

ch3 

X)R 


ch3 


OH 


>C-NHOH  ——4 

CH3XCH3 


^3/NOH 

ch3<^"  \c 


CH; 


VCH, 


It  is  generally  true  that  the  intermediates  formed  in  addition  reactions 
take  up  more  space  than  does  the  final  product.  For  this  reason  reac¬ 
tions  of  this  type  are  peculiarly  susceptible  to  steric  hindrance. 

The  failure  of  duroquinone  to  form  an  oxime  is  also  ascribed  to  steric 
hindrance.  Here,  however,  it  is  the  final  product  rather  than  the  inter¬ 
mediate  that  is  unable  to  form. 


O 


ch3 

CH 


CH 


3  h2NOII 


HO  NHOH 

\s 

CHs/NcHj 


NOH 


-» 


3\/ 

II 

o 


ch3 


CH: 


3 

CH3 


-h2o 


CH: 

CH 


O 


3\/ 

11 

O 


ch3 
ch3 


It  can  be  seen  that  the  OH  and  NHOH  groups  in  the  intermediate 
compound  lie  in  a  plane  at  right  angles  to  that  of  the  ring  and  will  ac¬ 
cordingly  not  interfere  with  the  methyl  groups.  In  the  oxime,  on  the 
other  hand,  the  hydroxyl  group  must  lie  in  the  plane  of  the  methyl 
groups.  Models  show  that  there  is  not  enough  room  for  the  OH  groups 

between  the  nitrogen  atom  and  the  methyl  group. 

Steric  hindrance  has  been  observed  also  in  the  aliphatic  series.  A 
very  remarkable  example  is  1,1-dineopentylethylene.  This  compound 
is  so  greatly  hindered  that  it  is  not  attacked  at  all  by  permanganate.  It 
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is  oxidized  by  dichromate,  however,  and  can  be  hydrogenated  to  the 
corresponding  paraffin.  It  is  extremely  interesting  that  the  1,1-dineo- 
pentylethane,  although  saturated,  is  more  readily  attacked  by  per 
manganate  than  is  the  parent  olefin.  In  fact,  this  is  the  best  way  of 
distinguishing  between  the  two  hydrocarbons.  Perbenzoic  acid  converts 
the  olefin  to  the  corresponding  epoxy  compound.66 

(CH3)3CCH2x  (CH3)3CCH2x  /Ox 

C=CH2  - ►  C - CH2 

(CH3)3CCH/  (ch3)3cch2/ 

66  Bartlett,  Fraser,  and  Woodward,  J.  Am.  Chcm.  Soc.,  63,  495  (1941). 
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RING  CLOSURES  INVOLVING  CONDENSATION  OF  CARBONYL 

GROUPS  WITH  AROMATIC  NUCLEI 

One  of  the  most  important  types  of  synthesis  of  ring  compounds 
consists  in  the  formation  of  a  new  ring  by  an  intramolecular  condensa¬ 
tion  between  an  aromatic  nucleus  and  a  functional  group  situated  in  a 
side  chain.  Most  of  the  methods  for  effecting  such  ring  closures  involve 
the  carbonyl  group  and  are  accompanied  by  the  loss  of  hydrogen  chlo¬ 
ride,  water,  alcohol,  or  ammonia. 

This  type  of  ring  closure  may  be  supposed  to  involve  attack  of  the 
ring  by  the  electrophilic  carbon  atom  of  the  carbonyl  group.  In  all 
examples  to  be  discussed  the  catalyst  is  an  acid,  and  the  reaction  belongs 
to  the  Friedel-Crafts  or  related  types  of  condensation. 

It  is  to  be  noted  that,  whatever  the  mechanism  of  the  closure  may  be, 
the  product  is  always  stabilized  by  the  development  of  a  double  bond 
that  is  conjugated  with  the  original  ring  and  generally  with  a  second 
double  bond  situated  in  the  newly  formed  ring.  In  some  processes  the 
new  ring  is  fully  aromatized.  It  thus  seems  clear  that  resonance  sta¬ 
bilization  is  a  prime  factor  in  the  success  of  such  ring  closures. 


Acid  Chlorides 

Among  the  most  satisfactory  methods  of  the  group  are  those  involving 
acid  chlorides,  and,  of  these,  the  succinic  anhydride  and  phthalic 
anhydride  methods  are  of  outstanding  value.  The  succinic  anhydride 
method  owes  its  excellence  in  part  to  the  readiness  with  which  succinyla- 
tion  can  be  effected  (p.  336).  After  the  ketone  group  has  been  reduced, 
preferably  by  the  Clemmensen  method  (p.  360),  the  resulting  acid  is 
converted  to  the  7-arylbutyryl  chloride,  closure  of  which  can  be  effected 
(OR  2,  114).  An  example  is  the  synthesis  of  1-tetralone  from  7-phenyl- 
butyryl  chloride  (OS  II,  569).  The  yield,  based  on  the  7-phenylbutyric 

acid,  is  91%.  O 

C1CO  11 

\cHr 


1 2  AlCls 


V\  / 

ch2 


CH. 


+  HC1 


W 
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If,  however,  the  newly  formed  ring  is  not  six-membered  or  if  it  bears 
substituents,  other  methods  must  be  employed.  In  the  synthesis  of 
2-methylchrysene,  for  example,  the  following  series  of  changes  has  been 

used.1 

/Acochch3 


/\ 


COCH2CH3 


Br2 


w 

ch3 

/\cochch2co2h 


aA/ 


w 


CHs 


w 


Pd  on  C 


4 


o 


Br 


CH2(C02C2H6)2, 


w 

ch3 

/Nch2chch2coci 


A/y 

AA,ch3 


SnCL 


W 


It  is  to  be  noted  that  stannic  chloride  is  an  effective  catalyst  for  the 
ring  closure.  0-Arylpropionyl  chlorides  undergo  cyclization  to  yield 
five-membered  cyclic  ketones,  the  simplest  example  being  the  synthesis 
oi  1-hydrindone  Irom  /3-phenylpropionyl  chloride.2 


O 


C1CO 


AlCla 


'CH 


CH< 


V 


+  HCI 


nJhe/0l!?  nS  Cl°SUre  demonstrates  that  six-membered  rings  form  in 
prefeience  to  five-membered  rings.3 

1  Bachmann  and  Struve, Org.  Chem.,  4,  450,  472  (1039)-  6  416  (19491 
Ingold  and  Piggott,  J.  Chem.  Sac.,  1469  (1923)  ’  (U40)‘ 

von  Braun,  Ber.,  61,  441  (1928);  Leuchs,  Ber.,  61,  144  (1928) 
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A 

V 

C1CO  ch2 

Ah 

0 

II 

AA 

V^\  /CH2 
ch2 

AA 

CH2C6H5 


None  of  the  isomeric  hydrindone  is  produced. 


Anhydrides 


In  place  of  the  aryl  butyryl  chlorides  substituted  succinic  anhydrides 
may  serve,  the  product  being  a  keto  acid.  Benzohydrylsuccinic  acid, 
for  example,  yields  the  keto  acid,  I.4 


ch2-co 

I  >0 


CH-CO 


V\  / 

CH 


O 

ii 

a\A 


vv 

a 


COoH 


A  similar  condensation  has  been  employed  in  the  synthesis  of 
4-hydroxy- 2-naphthoic  acid,  the  required  benzylsuccinic  anhydride  being 
obtained  by  benzylation  of  ethyl  succinate  followed  by  conversion  to 
the  anhydride.5 


c6h5ch2ci  + 


chco2c2h5 

ch2co2c2h5 


4 


c6h5ch2chco2c2h5 

I  +C1- 

ch2co2c2h5 


/\ch,chco 


ch3 

/\/  \cHCO,H 


>0 


V 


ch2co 


VN  / 

CO 


ch2 


/N/ScosH 


OH 


4  Hewett,  J.  Chem.  Soc.,  596  (1936). 

6  Haworth,  Jones,  and  Way,  J.  Chem.  Soc.,  10  (1943). 
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Acids 


Many  closures  are  known  in  which  the  carbonyl  group  is  part  of  a 
carboxyl  group.  The  conversion  of  N-phenylanthranilic  acid  to  acridone 
is  an  example  (OS  II,  15;  90%  yield). 


OH 

l 

0=Cv 


o 

A 


s/% 


h2so4  v 

1 

- > 

1 

1 

+  h2o 


H 


If  phosphorus  oxychloride  is  employed,  the  product  is  9-chloroacridine 
(OS  22,  5;  89%  yield). 

The  formation  of  2-methylanthraquinone  is  similar  to  the  acridone 
synthesis  (OS  I,  353,  517). 


OH 

I 

0=Q 


v\c/v 

II 

o 


CH3 


H2S04 

- ► 


o 

II 

/\A/\ 


II 

o 


CHa 

+  h2o 


The  preparation  of  quinizarin  from  phthalic  anhydride  and  p-chloro- 
phenol  vOS  I,  476;  74%  yield)  must  involve  a  similar  ring  closure. 


Ac!0\ 

t 

'VJco/ 


+ 


Oil 

Cl 


II2S04v 

II3BO3 


VvA/ 

&  0H 


+  HCl 


A  superior  method  of  effecting  ring  closure  may  be  illustrated  bv  the 
behavior  of  2-(l-naphthylmethyl)benzoic  acid  when  it  is  heated  w  S 


6  Fieser  and  Hershberg,  J.  A 


m.  Chem.  Soc.,  69,  1028  (1937). 
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f/\ 


v\  \y 

co2h 


ZnCL 


(CH3C0)20 

ch3co2h 


-> 


A 

/v\A/ 


ococh3 


This  procedure  is  effective  with  7- (2-phenanthryl)  butyric  acid  also 
affording  a  route  to  4-methylchrysene.7 


A 

At 


ch2  co2h 
\  / 
ch2 


Cyclodehydration  of  /3-arylpropionic  and  7-arylbutyric  acids  has  been 
effected  and  is  particularly  convenient  and  useful  when  hydrogen  fluoride 
is  employed  as  the  catalyst.  1-Indanone,  for  example,  is  formed  in  a 
73%  yield  from  /3-phenylpropionic  acid.8 


co2h 

0 

\ 

CH2  hf 

_ ^ 

k/ 

ch2 

V 

7  Fieser  ancf  Johnson,  J.  Am.  Chem.  Soc.,  61,  1647  (1939). 
s  Fieser  and  Hershberg,  J.  Am.  Chcm.  Soc.,  61,  1272  (1939). 
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1-Tetralone  is  prepared  from  7-phenylbutyric  acid  in  a  92%  yield  by 
use  of  this  catalyst. 

The  Stobbe  condensation  (p.  445)  provides  a  route  to  7-arylbutyric 
acids  suitable  for  ring  closure.  From  methyl  p-tolyl  ketone,  for  example, 
it  is  possible  to  make  4,7-dimethyl- 1-tetralone.9 

O 

CH3/\  CHo^\ 


V 


COCH3 


HF 


CH-^ 


chch2ch2co2h 

CHq 


w 

OH 


An  elegant  synthesis  of  1-methyltriphenylene  involves  a  similar  ring 
closure.10 


A 

T 

/ 

CH2CH2CH2C02H  up 

- > 

A 

T 

y\ 

fl 

/ 

V 

V 

\ 

A 

0 

The  Erdmann  Ring  Closure 

A  classical  example  of  this  type  of  closure  is  that  discovered  by 

Erdmann.  The  essential  step  in  this  transformation  is  illustrated  by 

the  behavior  of  7-phenylcrotonic  acid,  which  is  transformed  by  heat  to 
1-naphthol. 


CH2 

A\/  \ 


CH 


V 


CH 

H0C=0 


-|-  H20 


OH 


the  Kn  T  Can,  "  made  by  the  Perkin  condensation  (p.  446)  or 
the  Knoevenagel  method  (p.  444).  When  the  Perkin  method  is  em 

P  yed,  succinic  anhydride  is  usually  condensed  with  the  aldehyde,  and 

Johnson  and  Jones,  J.  Am.  Chem.  So c.,  69,  792  (1947). 
leber  and  Joshel,  J.  Am.  Chem.  Soc.,  61,  2958  (1939). 
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the  resulting  arylparaconic  acid  is  transformed  in  one  step  to  the 
naphthol.  Presumably  the  unsaturated  acid  is  formed  as  an  inter¬ 
mediate.  The  remarkable  ease  with  which  the  ring  closure  occurs  is 
shown  by  the  fact  that  it  is  sufficient  to  distil  the  acids,  the  temperature 
of  decomposition  being  between  250°  and  300°.  This  ease  of  ring 
closure  makes  the  method  especially  reliable  for  synthesizing  substituted 
1-naphthols  of  known  orientation.  The  preparation  of  7-bromo- 
1 -naphthol  is  an  example.11 


Br 


/Ncho 

CH2COn 
+  0  — 

/s 

-4  1 

r 

V' 

CH2COx 

BV 

-CH - CHCOoH 

O  CH2 

\  / 

C 


o 


Esters 


Br 


T  C02  4"  H20 


W 

OH 


The  synthesis  of  2-cyano-l -naphthol  from  the  corresponding  cyano- 
crotonic  ester  resembles  the  Erdmann  closure.12  The  ester  is  cyclized  by 
distillation  at  low  pressure. 


^/CH.CHO 

\/ 


/CN 

+  ch2 
xco2c2h5 


-h2o 


-> 


ch2 

-C2H5OH 


V 


CCN 

C2H50C=0 


WCN 

OH 


In  a  similar  manner  ethyl  l-hydroxy-3-methyl-2-naphthoate  is  formed 
from  phenylacetone  and  ethyl  malonate.13 

11  Fuson,  J.  Am.  Chem.  Soc.,  47,  516  (1925). 

12  McRae  and  Marion,  Can.  J.  Research ,  15B,  480  (1937). 

13  Marion  and  McRae,  Can ,  J,  Research ,  18B,  265  (1940). 
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O 


CH2C  CH2(C02C2H5)2 

V 


ch2 

^\/  \CCH? 


CH3  C6H6NH2-ZnCl2 


^cco2c2h5 


c2h5oc 

II 

o 


V/xv/co2c2h5 

OH 


Certain  /3-keto  esters  likewise  produce  fully  aromatized  closure  prod¬ 
ucts.  An  illustration  is  the  formation  of  ethyl  l,3-dihydroxy-2-naph- 
thoate  from  ethyl  phenylacetylmalonate,  the  reaction  being  catalyzed 
by  sulfuric  acid  (OS  25,  73). 


oc2h5 

oc 

\ 

/\  chco2c2h5 


h2so4 


OH 

r^/ScOsCuHs 


CO 


V\  / 

ch2 


OH 


+  C2H6OH 


The  ring  closure  involved  in  a  synthesis  of  4,7-dichloroquinoline 
(OS  28,  38)  is  of  this  type  also. 


oc2H5 

o=c 


Cl 


V\  / 

NH 


CC02C2H5 

CH 


250' 


OH 


Cl 


co2c2h5 


N/  N 


+  c2h5oh 


The  unsaturated  ester  is  converted  to  ethyl  7-chloro-4-hydroxv- 
3-quinohnecarboxylate  in  high  yield  by  treatment  with  boiling  Dowtherm 
A,  a  eutectic  mixture  of  phenyl  ether  (73.5%)  and  biphenyl  (26  5%) 


Isoquinoline  Syntheses 

Many  of  the  methods  for  making  isoquinolines 
condensation  of  a  carbonyl  group  with  an  aromatic 


likewise 
ring.  As 


involve  the 
an  example 
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may  be  taken  the  production  of  diliydroisoquinolines  by  the  dehydration 
of  acyl  derivatives  of  phenethylamines. 


CH2 

^\/  \ 


CH 

NH 


2  -H20 


ch2 


c=o 

I 

R 


c 

I 

R 


N 


This  method,  developed  by  Bischler  and  Napieralski,  has  been 
extended  to  the  anils  formed  by  condensing  aldehydes  with  phen¬ 
ethylamines  (CR  30,  145). 


CH2 

y\y  \ch 


2  HC1 


CH2 

y\y  Nchs 


■> 


N 

ii 

CH 

i 

R 


V\  / 

CH 

i 

R 


NH 


Aldehydes  and  Ketones 

The  use  of  ketones  in  cyclizations  of  the  type  under  consideration 
may  be  illustrated  by  the  formation  of  9,10-diphenylphenanthrene  by 
treatment  of  the  appropriate  ketone  with  hydrobromic  and  acetic  acids. 


/\ 


/\ 


CHC6H5 


O 


* 


CCgH5 


CHCeHs 

C-CeHs 

OH 


-H.0 


/\ 


S^\c6Hs 


c6h5 


\/ 


V 


V 


A  very  similar  condensation  occurs 
ethyl  o-phenylphenylacetate. 


with  the  ethoxalyl  derivative  of 


/\ 
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CHCO2C2H5 


OCCO2C2H5 


CHC02C2H3  Tl 


V 


C-COC2H5 

OH 


CO 

CO 


\ 


0 


V 


V 


The  ethoxalyl  group  is  especially  useful  because  of  its  high  order  of 
reactivity.  The  synthesis  of  3, 4-dihydro- 1,2-naphthalic  anhydride  from 
ethyl  y-phenylbutyrate  involves  the  intermediate  formation  of  such  a 
derivative  (OS  II,  194). 

(C02C2H6)2 

C6H5CH2CH2CH2C02C2H5  ~hi,eiEONa'* 


CH2 

c^2XCHC02C2H5 
COC02C2HS 


H2S04 


( 

/ 


0 


V 


A  synthesis  of  2,3-benzofurandicarboxylic  acid  involves  ring  closure 
of  the  ethoxalyl  derivative  of  ethyl  phenoxyacetate.14 


CO2C2H5  _r  h  ntr 
CH2C02C2H5+  1  Cg  ‘  > 


V/\«/  co2c2h5 


0 


o 


v\/ 


cco2c2h5 
chco2c2h5  — — \ 


CCO,H 

II 

cco2h 


o 


An  aldehyde  group  is,  of  course,  better  than  a  ketone  group  for  this 
purpose.  Robinson’s  method  for  making  3,4-dihydro-6,7-dimethoxy- 

14  Koelsch  and  Whitney,  J.  Am.  Chem.  Soc.,  63,  1762  (1941). 
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2-naphthoic  acid  (OS  26,  28)  illustrates  the  use  of  an  aldehyde  enol,  or 
hydroxy  methylene  derivative.15 

CHso/\ 


CH30 


+  hco2c2h5 

CH2CH2CH2C02C2H5 

CHOH 

ch3oA  cco2c2h5  h3po4  ch3o/V\co2c2h. 


ch3o 


-CHo/CH2 


h2S°4  CH  ,0 


Another  example  of  this  type  of  cyclization  is  the  facile  (85%  yield) 
conversion  of  phenylserine  into  2-phenylnaphthalene  by  the  action  of 
hydrobromic  acid.  Since  the  same  product  is  obtained  from  phenyl- 
ethylene  glycol  and  from  phenylacetaldehyde,  the  reaction  is  explained 
as  follows.16 

c6h5ch-chco2h  c6h5ch-cho  ~c°2>  c6h5ch2cho 

co2h 
ch2 

NcHOH  /\/\ 


OH  NH2 


2C6H5CH2CHO 


chc6h5 

CHO 


W 


c6h5 


Perhaps  the  best-known  example  of  a  ring  closure  of  an  aniline  deriva¬ 
tive  is  the  Skraup  synthesis.  When  the  reactants  are  aniline  and  glyc¬ 
erol,  the  product  is  quinoline  (OS  I,  478;  91%  yield).  Acrolein  is  assumed 
to  be  an  intermediate. 


v\ 
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CH 

S\  NcH 


+  ch2=chcho 
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CHOH  CH 
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15  Crowley  and  Robinson,  J.  Chem.  Soc  2001  (^^);  , 

is  Carter  and  Van  Loon,  J.  Am.  Chem.  Soc.,  60,  1077  (1J38). 
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When  applied  to  3-nitro-4-aminoanisole,  the  Skraup  method  gives 
6-methoxy-8-nitroquinoline  (OS  27,  48;  76%  yield). 


ch3o/\ 


V 


CH2OH  pTT 

1  H2SO4  ^ 

+  CHOH  - — > 

MU  I  AS2O5  . 

W112  CH2OH 


NOc 


02N 


+  3H20 


// 
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It  is  known  that  the  same  product  is  formed  when  acrolein  is  employed 
instead  of  glycerol.17 

The  Doebner-von  Miller  quinoline  synthesis  is  very  much  like  that 
of  Skraup.  A  mixture  of  an  aromatic  amine  and  an  aldehyde  is  treated 
with  hydrochloric  acid  or  zinc  chloride.  An  example  of  the  condensation 
is  the  synthesis  of  quinaldine  from  aniline  and  acetaldehyde.  It  seems 
probable  that  crotonaldehyde  is  formed  initially  and  condenses  with 
aniline. 

OCH 

+  ch3ch=chcho - >  I  — — > 
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NH. 


V\  / 

NH 


CHCH3 


-h2 


VA 


/;ch3 


N 

When  aniline  is  heated  with  acetone  in  the  presence  of  iodine,  a  tri- 
methyldihydroquinoline  forms.  By  analogy  with  the  Skraup  reaction, 
the  following  ring  closure  may  be  postulated. 


CEL 


0=C 


CHs 


CH3 

AA 


.  ,  A/CH3 

V\  /c<ch3 

NH 
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ch3 
ch3 


The  tnmethyl  compound  loses  methane  when  heated  at  220-230°  in 

XTeToS^T  anilide  (P‘  M9)>  th<5  Pr°dUCt  bebg  2’4-dimeth>"' 

17  See  Yale  and  Bernstein,  J.  Am,  Chem.  Soc.,  70,  254  (1048). 
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+  CH4 


The  preparation  of  lepidine  from  aniline  and  methyl  vinyl  ketone  is 
similar  to  the  Skraup  reaction,  the  closure  involving  a  ketone  rather 
than  an  aldehyde.18 
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+  CH3COCH=CH2 
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It  is  to  be  noted  that  in  these  examples  the  nucleus  is  highly  reactive. 
For  this  reason  success  has  been  achieved  also  with  phenol  derivatives. 
The  von  Pechmann  method  for  making  coumarins  is  illustrative.  These 
ring  closures  involve  aryl  esters  of  acetoacetic  acid,  the  simplest  example 
being  the  formation  of  4-methylcoumarin  from  phenyl  acetoacetate 
(OS  24,  69;  55%  yield). 


CH3 

CO 


/\  xch2 


V\  /co 
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c6h5n2o 


ch3 
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v\  /co 
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The  preparations  of  7-hydroxy-4-methylcoumarin  (OS  21,  22)  and 
6  7-dihydroxy-4-methylcoumarin  (OS  I,  360)  are  similar;  the  yields  are 
excellent.  Acetoacetanilide  undergoes  ring  closure  in  a  like  manner  to 
give  4-methylearbostyril  (OS  24,  68;  91%). 

18  Campbell  and  Schaffner,  J.  Am.  Chem.  Soc.,  67,  86  (1945). 
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The  isomeric  4-hydroxy-2-methylquinoline  is  formed  similarly  when 
ethyl  0-amlinocrotonate  is  treated  with  sulfuric  acid  or,  better,  with 
boiling  Dowtherm  A  (OS  29,  70;  90%  yield). 
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OH 
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CCH, 


w 
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+  C2H5OH 


The  formation  of  benzan  throne  from  an  throne  and  glycerol  (OS  II, 
62),  although  involving  the  production  of  a  new  carbocylic  ring,  is 
analogous  to  the  Skraup  closure;  the  yield  is  65%. 
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CH2OH 


Anothei  ring  closure  that  may  be  considered  here  is  involved  in  tho 
preparation  of  1Satm  from  aniline,  chloral  hydrate,  and 
The  isomtrosoacetanilide,  which  is  formed  inithdlv  ’ 

closure  under  the  influence  of  sulfuric  acid  (OS  I,  327)!  nCC1S°es  nng 
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C6H5NH2  +  H2NOH  +  Cl3CCH(OH)2  - > 

C6H5NHCOCH=NOH  +  3HC1  +  H20 
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CHAPTER  XVIII 


ACTIVE  METHYLENE  COMPOUNDS 


Numerous  types  of  condensation  reactions  involving  the  formation 
of  carbon-to-carbon  linkages  are  known  for  aldehydes,  ketones,  esters, 
anhydrides,  nitriles,  nitroparaffins,  and  similar  compounds  containing 
methyl,  methylene,  or  methinyl  groups.  Among  these  are  the  aldol, 
Perkin,  Dieckmann,  Claisen,  Claisen-Schmidt,  Michael,  Knoevenagel, 
Tollens,  acetoacetic  ester,  and  Mannich  reactions.  The  most  satis¬ 
factory  classification  that  has  been  made  divides  them  into  four  cate¬ 
gories:  alkylation,  acylation,  the  aldol  condensation,  and  the  Michael 
condensation.1  The  first  three  will  be  considered  in  this  chapter. 

The  methyl,  methylene,  and  methinyl  groups  which  are  capable  of 
entering  into  condensation  reactions  of  this  type  have  come  to  be  known 
as  “active.”  The  compounds  themselves  are  said  to  be  active  hydrogen 
compounds.  The  term  active  methylene  compounds  is  used  loosely  also 
to  designate  the  whole  group  of  compounds  which  have  active  hydrogen 
attached  to  carbon. 

The  structural  features  common  to  all  such  compounds  are  repre¬ 
sented  by  the  general  formula  >CH-X=Y,  in  which  X  and  Y  may  be 
carbon  or  negative  elements.  Y  is  usually  oxygen  or  nitrogen,  and  X  is 
generally  carbon.  They  may  be  joined  by  either  a  double  or  a  triple 
bond.  The  reactivity  of  the  hydrogen  atom  is  explained  by  the  fact 
that  its  removal  leaves  an  ion  which  is  stabilized  by  resonance. 


>  C-X=Y  < — ►  >  C=X-Y 


Examples  of  this  simple  type  are  the  following. 
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1  Hauser  and  Breslow,  J.  Am.  Chem.  Soc.,  62,  2389  (1940). 


413 


414 


ACTIVE  METHYLENE  COMPOUNDS 


CH3COCH2COCH3 


O  0 

ch3c=ch-cch3 

I 

o  o 

CH3C-CH-CCH3 

1 


0 


o 

I 


[CH3C-CH=CCH3 

Other  well-known  examples  of  this  general  type  are  the  following. 
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In  tricarbonyl  compounds  such  as  dibenzoylacetic  ester  the  possibili¬ 
ties  of  resonance  are  still  greater,  and  the  hydrogen  atom  shows  a 
correspondingly  enhanced  reactivity. 
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Especial  mention  must  be  made  of  certain  active  methylene  compounds 
which  bear  no  formal  resemblance  to  carbonyl  compounds.  Chief  of 
these  are  cyclopentadiene  and  its  benzologs,  indene  and  fluorene.  The 
simplest  compound  of  this  type,  1, 4-pen tadiene,  has  been  shown  to 
possess  an  active  methylene  group  also.2  These  compounds  enter  into 
condensation  reactions  similar  to  those  of  other  active  methylene  com¬ 
pounds. 

Enolization 


By  the  degree  of  reactivity  of  a  methyl,  methylene,  or  methinyl  group 
is  meant  the  relative  ease  with  which  it  loses  a  proton  to  yield  the  corre¬ 
sponding  enol  or  enolate.  Enolization,  i.e.,  the  formation  of  an  enol, 
has  never  been  demonstrated  for  any  simple  carbonyl  compound. 
Presumably  the  enol  form  of  acetone,  for  example,  exists  in  minute 
traces  if  at  all. 

OH 

CH3COCH3  ^z±  CH3C=CH2 


In  phenol,  on  the  other  hand,  the  equilibrium  mixture  is  composed 
mainly,  if  not  entirely,  of  the  enolic  form. 


Ihe  stability  of  phenols  is  attributed  to  the  resonance  of  the  benzene 
ring.  In  phloroglucinol,  which  forms  a  trioxime,  the  equilibrium  is 
evidently  less  one-sided  than  in  phenol. 


In  this  molecule  the  inherent  stability  of  the  carbonyl  group  apparently 
suffices  to  counterbalance  the  resonance  effect  of  the  benzene  ring  7 

acid  (Os"  4^^  Ph!°r0gllfr1  by  Mrolysis  of  2,4,6-triaminobenzoic 
’  .  ^  or  from  1,3,5-triaminobenzene  is  instructive  in  thi«? 

sum,  i,  u  reminiscent  of  ,l„  beh.eio, 


'  Taylor  and  Connor,  J.  Org.  Chem.,  6,  696  (1941). 
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Most  of  the  known  enols  appear  to  owe  their  stability  to  a  combination 
of  influences,  chief  of  which  are  resonance  and  hydrogen  bonding.  An 
example  is  triacetylmethane;  in  the  gas  phase,  the  equilibrium  mixture 
contains  91-93%  enol.3  In  ethyl  acetoacetate  the  amount  of  enol  is 
about  45%,  whereas  in  ethyl  malonate  no  enol  form  has  been  detected. 
In  alcohol  solution  acetylacetone  and  triacetylmethane  are  enolic  to 
the  extent  of  83  and  89%,  respectively.4 

The  tendency  for  a  >CHCOCO-  group  to  enolize  is  much  greater 
than  that  of  a  simple  monocarbonyl  compound.  Exceedingly  interesting 
examples  are  reductone,  reductic  acid,  ascorbic  acid,  and  dihydro- 
pyrogallol,  all  of  which  are  enediol  forms  of  dicarbonyl  compounds. 


OH  OH 

OH 

OH 

0 

II 

OH  OH 

i  i 

i  i 

c=c 

i 

c — 

i 

C\ 

A 

OH 

CH-C-CHO 

1  >C=0 

l 

i 

c=o 

ch2ch2 

CH 

1 

o7 

\/ 

OH 

CHOH 

CH2OH 

Reductone 

Reductic  acid 

Ascorbic  acid 

Dihydropyrogallol 

Of  these  endiols  the  pyrogallol  derivative  is  the  most  readily  available, 
being  produced  by  catalytic  hydrogenation  of  pyrogallol  in  the  presence 
of  alkali  (p.  255). 

Reaction  with  Nitrous  Acid 

Active  methylene  compounds  react  with  nitrous  acid  to  give  oximes, 
the  usual  oximating  agent  being  an  alkyl  nitrite.  The  synthesis  of 
methyl  phenyl  diketone  from  propiophenone  (OS  23,  1)  involves  oxima- 
tion  as  the  first  step  (OS  II,  363;  68%  yield). 

IT  C  l 

CkH,COCH2CH3  +  CH3ONO  - ►  CoH5COCCH3  +  CH3OH 

NOH 


In  a  similar  way  ethyl  malonate  yields  the  oxime  of  ethyl  mesoxalate. 


CO2C2H5 

CH2  +  HONO 
CO2C2H5 


C02C2II5 
C=NOH  +  H20 
CO2C2H5 


«  Conant  and  Thompson,  J.  Am.  Chem.  Soc.  64,  «39  (1932). 
*  Serdel,  Thier,  Uber,  and  Dittmcr,  Ber.,  69,  boO  (1936). 
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The  oxime  obtained  from  ethyl  acetoacetate  has  been  employed  to 
make  a-amino-/3-butyric  acid.5 

CH3C0CH2C02C2H5  +  HONO  - >  CH3C0CC02C2H5  +  H20 

NOH 


The  preparation  of  dimethylglyoxime  from  methyl  ethyl  ketone  like¬ 
wise  depends  on  this  type  of  transformation  (OS  II,  204). 

CH3COCH2CH3  +  C2H5ONO  - ¥  CH3O0  +  C2H5OH 

CH3C=NOH 

CH3COCCH3  +  NaOsSNHOH  - ¥  CH3C=NOH  +  NaHS04 

NOH  CH3C=NOH 

Nitrosation  of  alkylated  malonic,  acetoacetic,  and  benzoylacetic 
esters  provides  a  way  of  preparing  oximino  esters,  which  are  formed 
when  the  nitroso  esters  are  treated  with  sodium  ethoxide.  The  synthesis 
of  ethyl  a-oximinovalerate  (sodium  salt)  from  ethyl  benzoylacetate  is 
illustrative.6 


ch2ch2ch3  ch2ch2ch3 

c6h5cochco2c2h5  ■^”5<’^<>)  c6h5cocco2c2h5  r-""Vl  > 

C2H5ONa  I 

NO 

CH3CH2CH2CC02C2H5  T*  C6H5CO2C2H5 
NONa 

The  yields  of  ethyl  a-oximinovalerate  and  ethyl  benzoate  are  75%  and 
70%,  respectively. 

Primary  nitro  compounds  react  with  nitrous  acid  to  yield  nitro 
oximes,  known  as  nitrolic  acids,  distinguished  by  the  fact  that  they  form 
bright-red  salts. 

NOH 

RCH2NO2  +  HONO  - ¥  RCN02  +  HoO 

Secondary  nitro  compounds  form  nitroso  derivatives,  known  as 
lo\\dlZt°leS}  WhlCh  are  blUG  ^  S°luti0n  and  generally  colorless  in  the 

NO 

R2CHN02  +  HONO  - ►  R2CN02  +  H20 

*  ^dkins  and  Reeve>  J ■  Am.  Chem.  Soc.,  60,  1328  (1938) 

'  Hauser  and  Reynolds,  J.  Am.  Chem.  Soc.,  70,  4250  (1948). 


418 


ACTIVE  METHYLENE  COMPOUNDS 


Alkylation 

Alkylation  may  occur  when  a  reactive  methyl,  methylene,  or  methinyl 
compound  is  treated  with  an  alkyl  halide  or  other  alkylating  agent  in 
the  presence  of  a  suitable  catalyst.  The  catalyst  is  usually  a  base  and 
operates  by  converting  the  active  hydrogen  compound  into  an  enolate 
ion  that  may  act  as  an  electron  donor.  The  alkylation  of  ethyl  aceto- 
acetate  is  an  illustration. 

t)£LSO  ||  — 

CH3C0CH2C02C2H5  —4  ch3c-chco2c2h5  <— ► 

a 

0“ 

ch3c=chco2c2h5 

b 


The  enolate  ion  is  a  hybrid  of  the  resonance  structures  a  and  b.  The 
alkylation  product  generally  corresponds  to  structure  a. 

CH3C0CHC02C2H5  +  RX  - >  CH3C0CHC02C2H5  +  x- 

R 


This  is  a  displacement  reaction  similar  to  hydrolysis,  the  enolate  ion 
taking  the  place  of  the  hydroxyl  ion.  A  second  radical  may  be  intro¬ 
duced  if  desired.  ^ 

CH3C0CC02C2H5  +  RX  - >  CH3C0CC02C2H5  +  X" 


R 


R 


The  two  alkyl  groups  may,  of  course,  be  alike  or  different. 

With  w-butyl  bromide  the  chief  product  is  ethyl  n-butylacetoacetate 
(OS  I  248;  72%  yield).  The  dialkylation  product  may  be  prepared 

also.  C4H9 

CH3C0CHC02C2H5  - >  CH3C0CC02C2H5 

C4H9  C4Ho 


Ethyl  malonate  affords  similar  results,  ethyl  n-butylmalonate  being 
formed  in  a  90%  yield  (OS  1 ,  250) .  Monoalkyl  derivat.ves  yield  enolates 
less  readily  than  do  the  original  esters,  which  is  explained  by  the  fact 
that  an  alkyl  group  is  electron  donating.  This  is  very  fortunate  because 
ft  permits  the  alkylation  of  the  original  ester  in  the  presence  of  its 
monoalkylation  product,  thus  making  possible  monoalkylation  with  y 

little  dialkylation. 
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Primary  and  secondary  alkyl  halides  can  serve  as  alkylating  agents, 
allyl  and  benzyl  halides  being  especially  reactive.  Vinyl  and  aryl 
halides,  however,  are  usually  unreactive.  Certain  other  types  of  com¬ 
pounds,  notably  alkyl  sulfates,  behave  in  the  same  way  as  the  alkyl 
halides. 

If  boron  fluoride  is  employed  as  the  catalyst,  alcohols  may  serve  as 
alkylating  agents.  It  is  possible  to  alkylate  ethyl  acetoacetate  with 
isopropyl  alcohol,  for  example,  with  the  aid  of  this  catalyst  (OS  27,  35). 
The  yield  of  ethyl  a-isopropylacetoacetate  is  67%.  The  mechanism  in 
this  case  must  be  very  different  from  that  involved  in  ordinary  alkylation. 

Ethylene  oxide  or  ethylene  chlorohydrin  reacts  with  acetoacetic  ester 
to  give  a  lactone,  which  can  be  transformed  into  7-acetopropyl  alcohol. 


CH3C0CHC02C2H5  +  CH2-CH2 >  CH3COCH— CO 


XCK 


\ 


CH3COCH— CO 

ch2ch2 


\ 


O  -j-  h2o 


/ 


0  +  C2H50- 

ch2ch/ 

ch3coch2ch2ch2oh  +  co2 


In  an  attempt  to  prepare  the  di-/3-hydroxyethyl  derivative  of  phenyl- 
acetonitrile,  it  developed  that  when  ethylene  chlorohydrin  was  em¬ 
ployed  the  second  group  could  not  be  introduced.  A  way  around  the 
difficulty  was  found  by  using  0-chloroethyl  ethyl  formal.  The  product 

could  be  hydrolyzed  to  the  dihydroxy  compound  without  affecting  the 
nitrile  group. 


C6H5CH2CN  +  C2H5OCH2OCH2CH2Cl  - > 

r  TL  prSP2CH20CH20C2H5  hci  /CH2CH2OH 

t  f.HoCCN  - y  CfiPUCCN 

xCH2CH2OCH2OC2H5  xCH2CH2OH 

ethyl  f°rmaI  was  made  by  addinS  chloromethyl 
y  ether  to  ethylene  oxide  in  the  presence  of  mercuric  chloride. 


JK 

c2h,och2ci  +  ch2-ch. 


c2h5och2och2ch2ci 


Ethyl  acetosuccinate  is  made  in  a  62%  yield  by  condensing  the  sodium 
erivative  of  ethyl  acetoacetate  with  ethyl  chloroacetate  (OS  II,  262). 

CH3C0CHC02C2H5  +  C1CH2C02C2H.,  _ > 


ch3cochch2co2c2h5  +  ci- 
co2c2h5 

The  chief  by-product  is  ethyl  /J-acetotricarballylate. 
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CH3COCCO2C2H5  +  CICH2CO2C2H5  - » 

CH2CO2C2H5 

CH2C02C2H5 

ch3cocco2C2H5  +  cr 

CH2C02C2H5 


Acetonylmalonic  ester  is  produced  when  ethyl  malonate  is  condensed 
with  chloroacetone. 


CH(C02C2H5)2  +  CICH2COCH3 


NaOC2H5 

- ► 


CH3C0CH2CH(C02C2H5)2  +  cr 


A  reaction  of  especial  interest  takes  place  when  the  salt  of  ethyl 
acetoacetate  is  treated  with  iodine.  Two  molecules  are  coupled  in  the 
following  manner. 


2CH3COCHCO2C2H5 


CH3COCHCO2C0H5 
CH3COCHCO2C2H5  + 


This  change  probably  involves  an  alkylation  in  which  the  alkylating 
agent  is  the  iodo  derivative  of  the  esterf  Ethyl  malonate  may  be  used 
to  illustrate  the  mechanism. 


CH(C02C2H5)2  +  h  - >  ICH(C02C2H5)2  +  I" 

CH(C02C2H5)2  t_ 

CH(C02C2H5)2  +  ICH(C02C2H5)2  - ►  CH(C02C2H5)2  + 1 


The  coupling  of  two  molecules  of  ethyl  bromomalonate  to  produce 
ethyl  ethylenetetracarboxylate  (OS  II,  273)  appears  to  be  a  two-fold 
alkylation.  The  yield  is  57%. 


C2H502Cx  /C02C2Hs 

CHBr  +  BrCH  +  Na2C03'  - > 

C2U^)2C/'  xC02C2II5 

C,H502Cn  /C02C2H3 

C=C  +  2NaBr  +  H20  +  C02 

CaHsOaC^  xC02C2H5 

A  similar  condensation  occurs  when  phenylacetonitrile  is  treated  with 
iodine  and  sodium  methoxide.7  C6H-,CCN 

2G6h5ch2cn  CII  0Na>  C(.h5CCN 


The  choice  of  catalyst  for  reactions  of  this  type  depends  on  a  number 
of  factors.  Although  sodium  metal  and  sodium  alkoxides  are  most 

7  Niederl  and  Ziering,  J.  Am.  Chem.  Soc.,  64,  2480  (1942). 
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commonly  employed,  other  catalysts  offer  special  advantages.  One  of 

these  is  sodium  hydride,  available  commercially.8 

Nitriles  in  general  are  less  reactive  than  the  compounds  considered 
up  to  this  point  and  are  less  easily  alkylated.  Sodium  amide,  however, 
serves  to  make  alkylation  of  nitriles  a  useful  reaction  in  many  cases. 
The  NH2“  ion  is  a  much  stronger  base  than  OC2Hs_  and  is  used  with 
compounds  that  do  not  enolize  readily.  Phenylacetonitrile,  in  which 
the  methylene  group  is  activated  by  the  phenyl  radical  as  well  as  the 
nitrile  group,  can  be  alkylated.  a-Cyclohexylphenylacetonitrile  is  made 
in  a  77%  yield  in  this  way  (OS  25,  25). 


NaNH2  OflH5\ 

- > 


CHCN 


C6H5CH2CN  +  CeHnBr 


Acetonitrile  reacts  with  sodium  amide  in  liquid  ammonia  to  form  a 
salt  which  can  be  alkylated  to  mono-,  di-,  and  trisubsti tilted  acetonitriles 
by  the  action  of  an  alkyl  halide  or  an  alkyl  p-toluenesulfonate.  It  is 
remarkable  that  acetonitrile  can  be  phenylated  by  treatment  with 
chlorobenzene  and  potassium  amide  in  liquid  ammonia.9 

Ketones  also  may  be  alkylated,  sodium  amide  generally  being  used 
to  form  the  enolate.  From  acetone,  methyl  ethyl  ketone  may  be  made. 


CH3COCH3  +  nh2-  - >  CH3COCH2  +  NH3 

Ich3i 

ch3coch2ch3 


This  process  may  be  continued  until  six  methyl  groups  have  been  intro¬ 
duced,  hexamethylacetone  being  formed. 

The  allylation  of  cyclohexanone  is  another  example  (OS  28,  8-  62% 
yield). 


V  VNa 


ch2ch=ch2 


There  is  evidence  that  (CH3)2CHO_  i 
CH3CH2O  and  that  (CH3)3CO~  is  stror 
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and  ketones  involved  may  be  arranged  in  the  following  order  of  decreas¬ 
ing  acidity. 

C2H5OH  >  C6H5CH2COCH3  >  (CH3)2CHOH 

>  C6H5CHCOCH3  >  (CH3)3COH 

ch3 

Active  methylene  compounds  can  also  be  condensed  with  a  dihalide, 
one  mole  of  which  serves  to  alkylate  two  molecules  of  the  active  meth¬ 
ylene  compound.  Thus  ethyl  malonate  and  ethylene  bromide  yield 
ethyl  1 , 1 ,4,4-butanetetracarboxylate. 

O/r  +  2CH(C02C2H5)2  - ♦  CH2CH(C02C2H5)2 

CH2Br  CH2CH(C02C2H5)2 

When  the  alkylating  agent  is  chloroform,  the  product  is  an  unsatu¬ 
rated  ester,  formed  presumably  by  alkylation  followed  by  dehydro- 

chlorination.  CH(C02C2H5)2  C(C02C2H5)2 

2CH,(C02C2H5)2  6hci  £h 

V  '  C2H5ONa  1  l 

CH(C02C2H5)2  CH(C02C2H5)2 

Hydrolysis  and  decarboxylation  of  the  unsaturated  ester  from  ethyl 
malonate  yield  glutaconic  acid  (p.  97). 

The  Perkin  Ring  Closure.  Suitably  constituted  molecules  may 
undergo  alkylation  intramolecularly,  yielding  ring  compounds.  A 
variety  of  methods  has  been  developed,  notably  by  Perkin,  for  this  type 
of  ring  closure.11  Perhaps  the  simplest  example  is  the  preparation  of 
cyclopropanecarboxylic  acid  from  ethylene  bromide  and  ethyl  malonate, 
a  reaction  that  takes  place  in  the  presence  of  sodium  ethoxide  and  in¬ 
volves  two  steps,  the  second  of  which  occurs  intramolecularly.  Saponi¬ 
fication  of  the  ester  yields  1,1-cyclopropanedicarboxylic  acid,  which 
when  heated  passes  into  the  monobasic  acid  by  loss  ol  caibon  dioxide. 


CI42Br  /C02C2H5 

I  +  ch2 

CH2Br  xC02C2H5 


CH2x  /C02C2H5 
XCH 

CHoBr  xC02C2H5 


CH2n  /C02C2H5 
C 

CH/  xC02C2H5 


CHo\  /C02C2H5 
C 

CH</  xC02C2H5 


CH2n  /COoH 

c 

CH/  xC02H 


CH 


2\ 


CH/ 


CHC02H 


11  Perkin,  /.  Chem.  Soc.,  1347  (1929). 
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The  decarboxylation  proceeds  in  very  poor  yields.  The  most  con¬ 
venient  procedure  for  making  this  acid  involves  a  similar  ring  closure 
of  7-chlorobutyronitrile  (OS  23,  20)  and  hydrolysis  of  the  resulting 
cyclopropyl  cyanide  (OS  24,  36).  The  over-all  yield  by  this  method  is 

42%-  CH2x 

C1CH2CH2CH2CN  +  NaOH  - »  |  CHCN  +  NaCl  +  H20 

CH/ 

CHon  CH2x 

I  CHCN  +  NaOH  +  H20  - ►  |  CHC02Na  +  NH3 

CH/  CH/ 

The  Perkin  closure  has  served  similarly  for  the  preparation  of  cyclo- 
butanecarboxylic  acid  (OS  23,  16). 


CH2(C02C2H5)2  +  BrCH2CH2CH2Br  - ► 


(C02c2h5)2 


co2h 


Derivatives  of  the  corresponding  five-,  six-,  and  seven-membered  cyclo¬ 
paraffins  have  been  prepared  by  this  method  also.  The  yields  corre¬ 
spond  approximately  to  the  predictions  based  on  the  assumption  that 
the  tendency  of  a  ring  to  form  is  governed  by  the  ease  with  which  the 
atoms  to  be  joined  can  be  brought  together  in  space.  The  yield  of  the 
cyclopentane  derivative  is  nearly  quantitative. 

Of  particular  interest  is  the  resolvable  spiroheptanedicarboxylic  acid 
prepared  from  pentaerythrityl  bromide  by  the  following  series  of 
transformations.12 


C2H502Cx  BrCH2x  /CH2Br  NaOC2H5 

A  LTi2  +  C  — - » 

C2H502CX  BrCH2/  NCH2Br 

C2H502Cn  /CH2x  /CH2x  /COaCoHs 

Q  Q  Q 

C2H502C'  'CH,/  'CH2/  'C02C2H5 
H02Cxq/CH2\^/CH2x^/C02H  heat  Hx  /CH2x  /CH2x 

ho2c/  xjhx  'CH/  vC02H  >  H02C/C\CH/C\CHyC 


/COoH 


Etliy1  1,1,4,4-butanetetracarboxylate  (p.  422)  served  as  the  starting 
point  in  Perkin  s  synthesis  of  1,2-cyclobutanedicarboxylic  acid.  When 

lS?lr  denvative  is  treated  iodine  or  bromine,  ring  closure  is 


12  Fecht,  Ber.,  40,  3883  (1907). 
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CH2-CH(C02C2H5)2  CH2-C(C02C2H5)2 

CH2-CH(C02C2H5)2  *  CH2-C(C02C2H5)2 


CH2-C(C02H)2  ch2-chco2h 
CH2-C(C02H)2  ¥  ch2-chco2h 


A  ring  closure  which  probably  involves  a  mechanism  similar  to  that 
of  Perkin  occurs  when  ethyl  a,S-dibromoadipate  is  heated  with  sodium 
cyanide. 


C02C2H5 

CH2CHBr  NaCN 
CH2CHBr  ¥ 

C02C2H5 


co2c2h5- 

ch2chcn 

CH2CHBr 


—  HBr 

- > 


co2c2h 


5  J 


CN 

-co2c2h5 
-  co2c2h5 


COoH 

co2h 


This  method  gives  satisfactory  yields  of  the  four-,  five-,  and  six-mem- 
bered  rings  and  affords  what  is  probably  the  best  route  to  1,2-cyclo- 
butanedicarboxylic  acid.13 

The  coupling  of  active  methylene  compounds  has  been  extended  to 
ethyl  acetonedicarboxylate,  the  product  being  ethyl  1,4-cyclohexane- 
dione-2,3,5,6-tetracarboxylate.14 


CO 

/  \ 

c2h5o2cch2  ch2co2c2h5 

c2h5o2cch2  ch2co2c2h5 

\  / 

CO 


CO 


c2h5o2cch  chco2c2h5 

CoH502CCH  chco2c2h5 

\  / 

CO 


The  sodium  derivatives  of  ethyl  1,1,4,4-butanetetracarboxylate  and 
similar  compounds  have  likewise  been  condensed  with  dihalides.  This 
procedure  is  especially  valuable  because  it  makes  possible  the  synthesis 
of  cyclic  dicarboxylic  acids  in  which  the  carboxyl  groups  are  separated 
by  three  or  more  carbon  atoms.  The  synthesis  of  1,3-cyclobutane- 
dicarboxylic  acid  and  1,4-cyclohexanedicarboxylic  acid  will  suffice  to 
indicate  the  broad  scope  of  the  method. 

13  Fuson  and  Cole,  J.  Am.  Chern.  Soc.,  60,  1237  (1938). 
yon  Pechmann  and  Wolmann,  Ber.,  30,  2569  (1897). 
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/CH(C02C2H5)2  NaOCVHs 

CH2  +  CH2I2  - > 

XIH(C02C2H5)2 


(C02C2H5)2 


(C02H)2 


co2h 


(C02C2H5)2 


/CH(C02C2H5)2 
CH2  CH2Br 

+ 

CH2  CH2Br 

xCH(C02C2H5)2 


(C02H)2 

/\ 


(C02H)2 


(C02H)2 


(C02C2H5)2 

/\ 


\/ 

(C02C2H5)2 

co2h 

/\ 


co2h 


co2h 


The  Perkin  ring  closure  applied  to  ethyl  acetoacetate  provides  a  route 
to  cyclic  ketones.  Thus,  with  1,4-dibromobutane  the  principal  product 
is  ethyl  1-aceto-l-cyclopentanecarboxylate,  from  which  cyclopentyl 
methyl  ketone  is  readily  obtainable.15 

CH2CH2Br  /€02C2H5  NaOC2H5 

+  CH2  - - - » 

CH2CH2Br  xCOCII3 


CH2CH2x  /C02C2H5 
C 

CH2CH2/  s  COCK, 


>COCH3 


The  method  has  been  employed  successfully  for  the  synthesis  of  a  number 
of  cycloalkyl  methyl  ketones. 


/CH2n  /J02II 
(CH2)„  C 

vCH2/  xcoch3 


/CH2x 

(CH2)n  CIICOCH3 
NCH/ 


Rings  in  which  n  =  0,  2,  3,  and  4,  but  not  in  which  »  -  1,  have  been 
c  used  in  this  way.  In  the  condensation  with  ethylene  bromide  the 
second  phase  of  the  reaction  yields  not  only  the  cyclopropane  deriva- 

fT  rU  uaw  a  SnlaU  amount  of  a  Product  derived  from  the  enol 
o  m  of  the  ketone;  i.e.,  the  enolate  undergoes  O-  instead  of  C-alkylat 

15  Goldsworthy,  J.  Chem.  Soc 377  (1934). 


ion. 
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CH2- 

CH2Br 


xC02C2H5 

CH 

xCOCH3 


NaOC2H5 

- > 


ch2 — cco2c2h5 

I  II 

ch2  cch3 

\  / 

o 


Trimethylene  bromide  (n  =  1)  yields  only  the  cyclic  ether — a  derivative 
of  dihydro- 1,4-pyran. 

O-Alkylation  has  been  observed  in  several  other  instances.  Chloro- 
methyl  methyl  ether,  for  example,  is  capable  of  yielding  enol  ethers 
under  ordinary  conditions.16  Likewise  many  aliphatic  nitro  compounds 
undergo  O-alkylation,  regardless  of  the  nature  of  the  alkylating  agent.17 

O-Alkylation  of  hydroxymethylene  compounds  is  effected  by  the 
method  of  Claisen,  which  consists  of  heating  with  an  alkyl  halide  in  the 
presence  of  potassium  carbonate  in  acetone.18  Claisen’s  method  is  not 
successful  with  (3- keto  esters  or  1,3-diketones,  the  usual  C-alkylation 
being  observed. 


Acylation 

Active  methylene  compounds  undergo  acylation  in  a  manner  entirely 
analogous  to  that  of  alkylation.  It  merely  requires  replacement  of  the 
usual  alkyl  halide  by  an  acylating  agent  such  as  an  acid  chloride  or 
anhydride.  Thus,  ethyl  acetoacetate  with  benzoyl  chloride  gives  ethyl 
benzoylacetoacetate  in  a  75%  yield  (OS  II,  266). 


CH3COx 

CH3COCHCO2C2H5  +  c6h5coci  — >  chco2c2h5  +  Cl 

CrTLCO 


Acid  chlorides  and  anhydrides  normally  give  C-acyl  products,  although 
under  certain  special  conditions  O-acyl  derivatives  or  enol  esters  may  be 
produced.  An  example  of  O-acylation  is  the  action  of  acetyl  chloride 
on  the  sodium  derivative  of  ethyl  acetoacetate  in  the  presence  of  pyridine. 


0_  OCOCH3 

CH3ACHCO2C2H5  +  CH3COCI  — - *  CH3C=CHC02C2H5  +  Cl 

Another  instance  of  O-acylation  was  encountered  in  attempts  to 
prepare  a  diketone  by  acylating  ethyl  malonate  with  succinyl  chlori  e. 
The  product  was  an  enol  lactone,  presumably  formed  in  the  following 

manner. 

is  Kohler  and  Thompson,  J .  Am.  Chem.  Soc.,  59,  887  (1939). 

17  Thurston  and  Shriner,  J.  Org.  Chem .,  2,  183  (  )■ 

is  yon  Auwers,  Ber.,  71B,  2082  (1938). 
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CH2COCl  _ 

|  +  CH(C02C2H5)2 

CHoCOCl 


-cr 


4 


CH2C0CH(C02C2H5)2 

CHoCOCl 


CH2C=C(C02C2H5)2 

\ 

O” 

CH2C0C1 


C1-  CH2C=C(C02C2H5)2 

— >  I  >0 

ch2co 


C-Acylation  occurs  first  and  is  followed  by  O-acylation.  The  use  of 
succinic  anhydride  in  place  of  the  chloride  affords  the  enol  lactone  in 
a  63%  yield.19 

The  original  objective,  diacylation  with  succinyl  chloride,  is  achieved 
indirectly;  the  enol  lactone  can  be  condensed  with  enolates  of  active 
methylene  compounds  to  yield  keto  esters.  That  formed  with  ethyl 
malonate  will  serve  as  an  illustration. 


CH2C=C(C02C2H5)2 
I  >0  +  CH2(C02C2H5)2 

ch2co 


NaOC2H5 

- ► 

CH2C0CH(C02C2H5)2 

CH2C0CH(C02C2H5)2 


O-Acylation  is  observed  also  when  ethyl  acetoacetate  is  heated  for 
several  hours  in  the  presence  of  sodium  bicarbonate;  alcohol  is  given  off 
and  dehydroacetic  acid  is  formed  in  a  53%  yield  (OS  20,  26).  This 
change  probably  involves  an  acylation  followed  by  cyclization  of  the 
enol  form  of  the  condensation  product. 


ch3coch2c=o  ch3coch2c=o 


oc2h5 

c2h5oc-ch2coch3 

II 

o 


c2h5oc-chcoch3 

II 

o 


ch3c=chc=o 

OH 

c2h5oc-chcoch3 

II 

o 


ch3c=chc=o 

o-c-chcoch3 

II  3 

o 


If  acetoacetic  ester  and  acetyl  chloride  are  heated  with  magnesium 
S%  yield  °CCUrS  (0S  21,  46)-  Ethyl  diacety'acetate  is  produced  in  a 


2CH3C0CH2C02C2H5  +  2CH3COCI  +  Mg _ > 

CH3COx 

2  CH3CO/CHC0^  +  Ha  +  MSC12 

11  Ruggli  and  Maeder,  Helv.  Chim.  Ada,  26,  1476  (1943). 
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The  magnesium  derivative  of  ethyl  malonate  reacts  in  a  similar  way; 
with  phenylacetyl  chloride  it  affords  good  yields  of  ethyl  phenylacetyl- 
malonate  (OS  25,  73). 

Ethyl  benzoyldimethylacetate,  prepared  by  condensing  ethyl  iso¬ 
butyrate  with  ethyl  benzoate  in  the  presence  of  triphenylmethylsodium 
(p.  433),  is  made  more  readily  and  in  higher  yield  (55%)  by  use  of 
benzoyl  chloride  (OS  II,  268). 

Acid  catalysts  also  serve  to  bring  about  acylation.  Thus  acetone  can 
be  acylated  by  treatment  with  acetic  anhydride  in  the  presence  of  boron 
fluoride  (OS  20,  6). 

BF3 

CH3COCH3  +  (CH3C0)20  - ►  CH3COCH2COCH3  +  CH3C02H 


Similar  results  have  been  obtained  in  the  acetylation  of  acetophenone 
with  acetic  anhydride  and  boron  fluoride.20 


BF3 

C6H5COCH3  +  (CH3C0)20  - ►  CH3COCH2COC6H5  +  CH3C02H 


Acid  catalysis,  in  contradistinction  to  basic  catalysis,  must  involve 
the  enol  modification,  the  formation  of  which  is  believed  to  proceed  in 
at  least  two  steps. 

O  OH  OH 

CH3-C-CH3  +  H+  - >  [CH3-C-CH3]+  - >  CH3-C=CH2  +  H  + 

The  Claisen  Acylation.  The  Claisen  condensation,  according  to  most 
authors,  consists  in  the  acylation  of  an  active  methylene  compound  by 
an  ester.  Not  only  esters  but  also  aldehydes,  ketones,  nitriles,  and  cer¬ 
tain  other  classes  of  compounds  may  be  acylated  in  this  way.  The 
original  procedure  involved  a  sodium  alkoxide,  but  other  catalysts, 
including  some  that  are  acidic,  may  be  employed  also. 

Acetylacetone,  for  example,  can  be  made  by  the  conde^ation  o 
acetone  with  ethyl  acetate  in  the  presence  of  sodium  ethoxide  (Ob  2U,  /). 

C2H5ONa 

CH3COCH3  +  CH3C02C2H5 - > 

ch3coch2coch3  +  C2H5OH 


Boron  fluoride  and  acetic  anhydride  afford  a  yield  of  85%,  whereas 
sodium  ethoxide  and  the  ester  give  a  yield  of  only  45 

Dibenzoylmethane  is  produced  in  a  71%  yield  by  the  mteract  on 
of  acetophenone  and  ethyl  benzoate  in  the  presence  of  sod.um  ethoxide 


(OS  20,  32). 

*>  Meerwein  and  Vossen, ./.  prakl.  Chem.,  141,  14!)  (1034). 
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0-Keto  esters  can  be  made  by  condensing  ketones  with  ethyl  carbonate, 
the  ethyl  alcohol  being  distilled  as  fast  as  it  forms.21 

RCOCH3  +  (C2H5)2C03  - >  RC0CH2C02C2H5  +  C2H5OH 

Application  of  the  Claisen  method  to  nitriles  is  illustrated  by  the 
preparation  of  ethyl  a-phenylacetoacetate  (OS  II,  284,  391)  and  benzyl 
methyl  ketone  from  phenylacetonitrile. 


C6H5CH2CN 


CH3CO2C2H5 


»  c6h5chcn 


COCH3 


C2H50H 

HC1 


> 


c6h5chco2c2h5 

COCH3 


|H20 

IH2S04 

C6H5CH2COCH3 


This  is  a  general  method  for  acylating  nitriles  and  with  sodium  amide 
affords  satisfactory  yields.  In  the  formation  of  a-acetylphenylaceto- 
nitrile,  this  method  gives  a  yield  of  68%.22 

Ethyl  oxalate,  widely  used  in  Claisen  acylations,  condenses  with 
acetone  to  give  ethyl  acetopyruvate  in  a  66%  yield  (OS  I,  238). 


CH3COCH3  + 


C02C2H5 

co2c2h5 


NaOC2H5 

- y 

ch3coch2coco2c2h5  +  C2H5OH 


Two  moles  of  the  ester  are  employed  in  the  synthesis  of  chelidonic  acid 


(OS  II,  126). 

CH3COCH  +  2 

co2c2h5 


-2C2H50H 

- y 


VJ 


c 

/  \ 

ch2  ch2 


h2o 


c 

/  \ 

CH  CH 


c2h5o2cco  coco2c2h5  HC1  ho2cc  cco2h 

\  / 

0 

Phenylacetonitrile  can  be  condensed  with  ethyl  oxalate  also  to  yield 
yields7  deilVatlVe’  ethyl  Phenylcyanopyruvate  (OS  II,  287;  75% 

C  H  PTT  PN  1 

CaH6CH2CN  +  -4  C6H5CHC0C02C2H5  +  C2HsOH 

CN 


21  Wallingford,  Homeyer,  and  Jones,  J.  A 

22  Levine  and  Hauser,  J.  Am.  Chem.  Soc., 


m.  Chem.  Soc.,  63,  2252  (1941) 
68,  760  (1946). 
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Similar  results  are  obtained  with  ethyl  carbonate  and  nitriles,  the 
method  being  similar  to  that  just  described  for  ketones.  It  consists  in 
heating  the  nitrile  with  a  metal  alkoxide  and  a  large  excess  of  the  alkyl 
carbonate,  the  alcohol  being  removed  by  distillation.23  By  this  method 
stearonitrile,  for  example,  has  been  converted  to  ethyl  a-cyanostearate 
in  a  75%  yield. 

Ethyl  oxalate  has  been  condensed  also  with  toluene  derivatives  in 
which  the  methyl  group  is  activated  by  nitro  groups.  An  example  is 
nitro-p-xylene.24 


N02 


Cyclopentadiene,  like  other  active  methylene  compounds,  reacts  with 
ethyl  oxalate  in  the  presence  of  sodium  ethoxide  to  yield  the  oxalyl 
derivative. 


CH=CHX 


CHC0C02C2H5  +  C2H5OH 


CH^CH7 


The  Acetoacetic  Ester  Condensation.  The  acetoacetic  ester  condensa¬ 
tion  is  a  special  type  of  the  Claisen  condensation  and  consists  in  the 
acylation  of  an  ester  by  an  ester,  resulting  in  the  formation  of  a  0-keto 
ester  (OR  1,  266).  An  example  is  the  formation  of  ethyl  acetoacetate 
by  the  treatment  of  ethyl  acetate  with  sodium  ethoxide. 


The  reaction  probably  involves  the  following  three  steps. 


CH3C0CH2C02C2H5  +  OC2H5 


(3)  CH3C0CH2C02C2H5  +  OC2H5 


ch3cochco2c2h5  +  c2h5oh 

>meyer,  J.  Am.  Chem.  Soc.,  64,  576  (1943). 

.  Chem.  Soc.,  70,  3787  (1948). 


23  Wallingford,  Jones,  and  Homeyer,  J.  Am 

24  Snyder  and  Pilgrim,  J.  Am.  Chem.  Soc.,  7 
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The  equilibrium  of  the  acid-base  reaction  between  most  esters  and 
ethoxide  ion  is  probably  on  the  side  of  unchanged  ester  and  ethoxide  ion. 
In  order  for  this  base  to  effect  the  condensation  of  an  ester  it  would 
appear  that  the  (3-keto  ester  formed  must  be  converted  largely  into  its 
anion;  that  is,  the  third  step  of  the  reaction  must  take  place.  In  general, 
it  may  be  said  that  the  acetoacetic  ester  condensation  will  occur  when 
a  base  is  formed  that  is  weaker  than  that  which  serves  as  the  condensing 
agent.  Thus  the  formation  of  ethyl  acetoacetate  from  ethyl  acetate  and 
sodium  ethoxide  is  to  be  ascribed  to  the  fact  that  the  enolate  anion, 

CH3COCHCO2C2H5,  is  a  weaker  base  than  the  ethoxide  ion. 

Esters  that  have  but  one  a-hydrogen  atom  cannot  form  an  enolate 
of  this  type  and  hence  cannot  be  made  to  condense  by  ethoxide  ion. 
They  do  react,  however,  in  the  presence  of  a  stronger  base  such  as  the 
triphenylmethyl  anion.  The  conversion  of  the  (d-keto  ester  into  its 
anion  (the  third  step  above)  may  occur  but  is  not  required  for  condensa¬ 
tions  with  the  triphenylmethyl  anion.  An  example  is  the  condensation 
of  ethyl  isobutyrate  to  ethyl  isobutyrylisobutyrate. 


CH3x 

(1)  chco2c2h5  +  (C6H5)3C-  ^=± 

CIV 

CH3N_ 

CCO2C2H5  +  (CgH5)3CH 

CH^ 

ch3x  ^0  ch3x_ 

(2)  CHC  -T  CCO9C2H5  v 

ch3/  xoc2h5  ch/ 


CH 


ch3/ 


ch3 

3\  I 

chcocco2c2h5  + 


CEE 


CH 


3\ 


CHc 


(C6H5)3C 

or 

CH3N_ 


CHCOCCO2C2H5  +  OC2H5 

CH^  ch3 


!ch/ 


cco2c2h5 


ch3n_ 


CH- 


ch3/ 


ccocco2c2h5  + 


CH. 


CH 


or 


3\ 


c.h3/ 


chco2c2h-, 

- O 

Thus  the  acetoacetic  ester  condensation  has  been  found  to  be  conord 
for  esters  that  have  hydrogen  on  the  a-carbon  atom  It  hns  l„.  f 
successfully  not  only  with  esters  of  low  molecular  weight  but  ato  S 
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many  of  the  higher  esters.25  /3-Keto  esters  from  esters  of  valeric,  caproic, 
heptoic,  caprylic,  pelargonic,  capric,  lauric,  and  myristic  acids  form  in 
high  yields  (77-84%). 

The  condensation  of  different  esters  is  also  possible  but  generally  leads 
to  mixtures.  It  is  employed  when  the  more  reactive  of  the  two  esters 
has  no  a-hydrogen  atom.  Thus  ethyl  oxalate,  because  of  the  great 
reactivity  of  its  carbonyl  groups,  can  be  condensed  with  ethyl  propionate 
to  give  ethyl  ethoxalylpropionate  in  a  70%  yield  (OS  II,  272). 


C02C2H5 

co2c2h5 


+  CH3CH2C02C2H5 


NaOC2H5 

- y 

ch3chco2c2h5  +  C2H5OH 
coco2c2h5 


Ethyl  ethoxalylacetate,  made  by  a  similar  method,  is  available  com¬ 
mercially  in  the  form  of  its  sodium  salt. 

a-Ketoglutaric  acid  is  made  by  condensing  ethyl  succinate  with  ethyl 
oxalate  and  subjecting  the  resulting  ethoxalyl  compound  to  acid  hy¬ 
drolysis  (OS  26,  42).  The  over-all  yield  is  77%. 


CH2C02C2H5  NaOC2H5 

;  ■+■  (co2c2h5)2  ► 

ch2co2c2h5 


/C0C02C2H5 

CH 

|  xco2c2h5  +  C2H5OH 
ch2co2c2h5 


/C0C02C2H5 
CH  +  3H20 

I  \C02C2H5 

ch2co2c2h5 


ch2coco2h 


ch2co2h 


+  3C2H5OH  +  C02 


One  reason  why  the  ethoxalyl  derivatives  are  useful  is  that,  like 
certain  polyketones  (p.  388),  they  lose  carbon  monoxide  when  heated 
(p.  387),  the  net  result  being  the  replacement  of  an  active  hydrogen 

atom  by  a  carbethoxyl  group.  .  ,  ,. 

It  has  been  found  possible  to  achieve  this  result  directly  by  heating 

ethyl  phenylacetate  with  ethyl  carbonate,  another  ester  that  has  no 
a-hydrogen  atom.26  Equimolecular  proportions  of  the  ester  and  sodium 
ethoxide  are  heated  with  an  excess  of  the  carbonate,  and  the  alcoho  is 
removed  continuously  by  distillation.  This  is  a  general  method  for 
making  malonic  esters  from  simple  esters. 

/OC2H5  NaOC2H5 

c6h6ch2co2c2h5  +  CO  ► 

002  5  r' H.nHCCO,C,H,)o  +  C2H5OH 


»  Briese  and  McEIvain, ./.  Am.  Chem.  Soc  66, .1697  (1933). 

»  Wallingford,  Homeyer,  and  Jones,  J.  Am.  Chem.  Soc.,  63,  2056  (1. 


the  dieckmann  ring  closure  ^ 

Ethyl  formate,  an  ester  having  a  reactive  carbonyl  group,  can  be 
'  condensed  with  other  esters,  but  the  resulting  formyl  derivatives  (or 
the  corresponding  hydroxymethylene  compounds)  are  very  unstab  e. 
As  was  noted  earlier  (p.  167),  ethyl  formylacetate  condenses  with  itself 
to  yield  ethyl  a-formylglutaconate  or  ethyl  trimesate.27 


CHO 

c2h5o2cch2  +  ochch2co2c2h5 


-h2o 


CHO 


co2c2h5 

ch2 

\ 

CHO  CHO 

c2h5o2cc  ch2co2c2h5 

\  / 

CH 


c2h5o2cc=chch2co2c2h5 

Ethyl  a-formylglutaconate 


— 2H20 


co2c2h5 


•» 


c2h5o2c 


V7 

Ethyl  trimesate 


co2c2h5 


Ethyl  benzoate,  another  ester  without  a-hydrogen  atoms,  is  less  reac¬ 
tive  than  aliphatic  esters;  it  has  been  condensed  with  other  esters,  but 
generally  the  yields  are  unsatisfactory.  Ethyl  benzoylacetate,  however, 
is  said  to  be  made  commercially  by  the  condensation  of  ethyl  benzoate 
with  ethyl  acetate. 

It  would  appear  that  benzoylation  by  this  method  would  be  most 
satisfactory  with  the  esters  that  are  least  reactive  as  active  methylene 
components.  Indeed,  the  condensation  of  ethyl  benzoate  and  ethyl 
isobutyrate  affords  ethyl  benzoyldimethylacetate  in  good  yields.28 

//-)  CH3n_  VH:i 

f'^Cor,  H  +  /cco3c2H5  — >  c6h5cocco2c2h5  +  OC2H5 

The  condensation  does  not  proceed  in  the  presence  of  sodium  ethoxide 
but  does  occur  when  catalyzed  by  triphenylmethylsodium.  The  final 
product  is  incapable  of  forming  an  enolate. 

The  Dieckmann  Ring  Closure.  When  a  condensation  of  the  aceto- 
acetic  ester  type  involves  ring  closure,  it  is  generally  called  a  Dieckmann 
reaction.  Certain  esters  having  hydrogen  on  the  S-  or  e-carbon  atom 
which  is  activated  (generally  by  a  carbonyl  group)  undergo  intramolec- 

27  Wislicenus  and  Bindemann,  Ann.,  316,  18  (1901). 

28  Renfrow  and  Hauser,  J.  Am.  Chem.  Soc.,  60,  463  (1938). 
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ular  cyclization.  An  example  is  the  closure  of  ethyl  adipate  to  2-car- 
be thoxy cy clopen tanone ,  which  occurs  in  an  81%  yield  (OS  II,  116). 


CHo 


/ 

CH2 

ch2 


co2c2h5 

co2c2h5 


NaOC2H5  CH2CH2x 

"  I  chco2c2h5  +  C2H5OH 

ch2-co^ 


ch2 


In  the  preparation  of  1,3-indandione  from  ethyl  phthalate  and  ethyl 
acetate  the  second  step  effects  ring  closure  and  is  to  be  classed  as  a 
Dieckmann  reaction. 


r^NC02C2H5  -2C2H5OH 

+  CH3C02C2H5  - — — ► 

C02C2H5 


CO 


V\ 


V  H20 

chco2c2h5 - ► 

'  h2so4 


/\/ 


CO 


V  -CO2 

chco2h - ► 


CO 


V\ 


CO 


y\/ 


CO 


CH. 


S/\ 


CO 


Ethyl  succinate  may  be  caused  to  condense  with  itself  in  a  manner 
which  involves  two  acylations,  the  second  of  which  is  of  the  Dieckmann 
type.  The  product  is  known  as  ethyl  succinylsuccinate. 


CH2C02C2H5 

2  ch2co2c2h5 


-C2H50H 

— - - ► 

ch2co2c2h5 
ch2  co2c2h5 
CO  ch2 
'xchco2c2h5 


chco2c2h5 


/ 

-C2H6OH  r,I2 

— - - ► 

CO 


chco2c2h5 


Ethyl  a-isobutyrylisobutyrate  forms  an  enolate  with  triphenylmethyl- 
sodium,  which  with  isobutyryl  chloride  gives  ethyl  2,2,4,4,6-penta- 
methvl-S^-diketoheptanoate.  The  latter  undergoes  cyclization  under 
the  influence  of  triphenylmethylsodium,  yielding  hexamethylphloro- 

glucinol. 


THE  DIECKMANN  RING  CLOSURE 


435 


CH3  ch3  ch3  ch3  ch3 

chcocco2c2h5  (CrJU',("Na  >  chcoccocco2c2h5 

V  i  2  -  5  (CII3)2CHC0C1  I  I  I 

ch3  ch3  ch3  ch3  ch3 


CO 


(CH3)2C 

CO 


C(CH3)2 

CO 


C(CH3)2 


A  useful  variant  of  Dieckmann’s  method  involves  the  condensation 
of  oxalic  ester  with  esters  of  other  dibasic  acids.  Ethyl  glutarate  yields 
a  derivative  of  1, 2-cyclopen tanedione.  CO2C2H5 


CH2CO2C2H5 

ch2 

ch2co2c2h5 


CO2C2H5  NaOC2H5  I 

+  1  - ►  CH 

co2c2h5 


CH-CO 


+  2C2H5OH 


CH-CO 

co2c2h5 

It  was  this  special  method  that  enabled  Komppa  to  synthesize  camphoric 
acid  and  thus  to  establish  conclusively  the  structure  of  camphor.  The 
steps  in  this  celebrated  synthesis  are  as  follows. 

C2H502CCH2  _  _  „  C2H502CCH-C0 


(CH3)2C  + 

C2H502CCH2 


co2c2h5 

co2c2h5 


4  (CH3)2C 

c2h5o2cch-co 
ch3 


ch3i 


CH- 


C2H5O2CC — CO 
(CH3)2C 

c2h5o2cch-co 


reduction 


H02CC - ch2 

>  ch3cch3 
ho2cch — ch2 

Camphoric  acid 

The  Dieckmann  method  serves  also  to  close  heterocycles,  as  exem- 
y  .  the  synthesis  of  l-alkyl-4-piperidones.  The  preparation  of 
-ethyl-4-piperidone  from  ethylamine  and  ethyl  acrylate  is  illustrative.29 

2CH2=CHC02C2H5  +  c2h5nh2  c2h5n/CH2CH2C°2C2H5 

xch2ch2co2c2h5 


/CH2CH2 
C2H5N  >co 

xCH2CH-C02C2H5 


/CH2CH2 

CoH5N  CO 

vCH,CH2/ 


S°C"  51’  922  (1929);  FUSOn’  Parham-  and 
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Reversal  of  the  Claisen  Acylation.  Since  acyl  groups  are  electron 
seeking,  the  ease  of  formation  of  enolates  is  enhanced  by  acylation.  The 
question  then  arises  as  to  why  the  acylation  process  does  not  continue 
until  all  active  hydrogen  atoms  have  been  replaced.  It  might  be 
expected  that,  in  the  synthesis  of  acetoacetic  ester  from  ethyl  acetate, 
the  reaction  would  be  uncontrollable  at  the  first  stages,  the  triacylated 
ester  being  the  product. 

CH3CO2C2H5  - >  CH3C0CH2C02C2H5  - » 

(CH3C0)2CHC02C2H5  - *  (CH3C0)3CC02C2H5 

The  answer  to  this  question  appears  to  be  simply  that  the  equilibria 
involved  are  unfavorable  to  the  formation  of  such  compounds.  Hydro¬ 
lytic  cleavage  takes  place  very  readily  with  compounds  in  which  three 
carbonyl  groups  are  joined  to  the  same  carbon  atom.  A  particularly 
interesting  example  is  involved  in  the  synthesis  of  ethyl  benzoylacetate. 
Hydrolysis  of  a-benzoylacetoacetic  ester  with  a  very  dilute  solution  of 
ammonia  removes  the  acetyl  group  and  serves  as  a  preparative  method 
(OS  II,  266;  78%  yield). 


CH3CO 


CeHsCO^ 


CHCO2C2H5  +  H20  +  NH3 


C6H5C0CH2C02C2H5  +  ch3co2nh4 


The  readiness  with  which  acylation  can  be  reversed  makes  possible 
acyl  interchange,  which  has  been  accomplished  by  treating  the  sodium 
enolate  of  a  1,3-diketone  or  a  /3-keto  ester  with  a  simple  ester.  Ethyl 
acetoacetate,  for  example,  has  been  transformed  to  ethyl  benzoylacetate 
in  a  55%  yield  by  treatment  of  its  sodium  enolate  with  ethyl  benzoate 

(OS  23,  35).  NaOC2H5  v 

CH3C0CH2C02C2H5  +  c6h5co2c2h5  , - - 

C6H5C0CH2C02C2H5  +  ch3co2c2h5 

The  condensation  is  carried  out  under  conditions  which  permit  the  re¬ 
moval  of  ethyl  acetate  as  it  forms.  Presumably  the  process  involves 

the  following  steps. 


CH3C0CHC02C2H5  +  c6h5co2c2h5 


CH3CO\_ 

cco2c2h5  +  c2h5oh 

C6H5CO/ 


Cn3CO'cC02C2H,  +  C2H5OH 


c6H5c(y 


c6h5cochco2c2h5  +  ch3co2c2h5 
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One  of  the  few  methods  which  are  valuable  in  closing  large  rings 
involves  co-bromoacylacetic  esters,  made  from  acetoacetic  ester  by  acyla¬ 
tion  followed  by  deacetylation.  For  example,  methyl  15-bromo-3-keto- 
pentadecanoate  is  made  as  follows. 

-cr 

CH3C0CHC02CH3  +  Br(CH2)12COCl  - ¥ 

CH3CO\  CH^ONa 

CHC02CH3  — »  Br(CH2)12C0CH2C02CH3 

Br(CH2)12CO/ 

When  the  corresponding  iodo  ester,  made  by  reaction  of  the  bromo  ester 
with  sodium  iodide  in  acetone,  is  treated  with  potassium  carbonate, 
cyclization  occurs,  yielding  methyl  2-cyclotetradecanone-l-carboxylate.30 


/c\2 

CH2I  K  '  (CH2)  1 1  CHCO2CH3 

CH2(CH2)ioCOCH2C02CH3  ^  CO 


/CH< 
(CH2)  1 1  ,ch2 


CO 


Hydrolysis  and  decarboxylation  are  effected  by  allowing  the  keto  ester 
to  stand  a  few  days  in  80%  sulfuric  acid. 

What  is  perhaps  the  most  convenient  and  most  general  method  for 
the  pi eparation  of  ,5-keto  esters  involves  the  acylation  of  malonic  ester 
followed  by  removal  of  one  of  the  carbethoxy  groups  by  heating  with  a 
sulfonic  acid.  Ethyl  /3-ketoadipate,  for  example,  is  prepared  as  follows.31 


CH2CH2C0C1  CH(C02C2H5)2  CH2CH2C0CH(C02C2H5)2  2-c10h7so3h 
C02C2H5  rn.e  tj  - ' - ► 


C02C2H5 


ch2ch2coch2co2c2h5 
co2c2h5 

Loss  of  carbon  dioxide  from  /3-keto  acids  and  many  similarly  consti¬ 
tuted  acids  (p.  210)  and  of  carbon  monoxide  from  oxalyl  esters  (p  388) 

is  likewise  to  be  ascribed  to  the  weak  bonding  power  of  the  active 
methylene  carbon  atom. 


Condensations  of  the  Aldol  Type 

The  aldol  type  of  condensation  comprises  a  group  of  closolv  relnwl 

reactions,  among  which  are  the  aldol,  Perkin ,  KnSeve^S  ToSSf 
Manmch,  and  Thoroe  rpflctinna  mi  •  +  ,  .  LIldgei,  lollens, 

acylation  in  tb  ,t  ‘  Thls  typc  of  condensation  differs  from 

5  ‘  " that  the  acceptor  reactant  is  generally  an  aldehyde  or  ketone. 

o0  Hunsdiecker,  Ber.,  75B,  1190  (1942) 

31  R,Cgel  and  Lillienfeld.  Am.  Chem.  Soc.,  67,  1273  (1945). 
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The  donor  reactant  may  be  an  anhydride,  ester,  /3-kcto  ester,  or  other 
compound  of  the  active  methylene  type.  The  /3-hydroxy  compound  or 
aldol,  which  is  the  primary  reaction  product,  usually  loses  water  to 
yield  an  <x,/3-unsaturated  carbonyl  derivative. 

The  Aldol  Condensation.  The  term  aldol  condensation  is  usually 
reserved  for  the  reaction  between  two  molecules  of  a  simple  aldehyde 
or  ketone  to  yield  an  aldol.  Less  reactive  substances  ordinarily  do  not 
produce  aldols  because  of  the  relatively  drastic  conditions  required  to 
bring  about  reaction.  Chiefly  by  reference  to  these  conditions,  various 
names  have  been  given  to  the  reactions  of  the  aldol  group. 

Acetaldehyde  dimerizes  reversibly  in  the  presence  of  alkalies  or  acids 
to  give  aldol,  which  is  easily  converted  to  crotonaldehyde. 


CH3CHO  +  CH3CHO 
OH 

CH3CHCH2CHO 


OH 

CH3CHCH2CHO 

Aldol 

CH3CH=CHCHO  +  H20 

Crotonaldehyde 


The  dehydration  (p.  95)  is  reversible  also.32 

Aldolization  does  not,  of  course,  stop  at  the  dimeric  stage  but  produces 
a  complex  mixture  of  aldehydes  of  higher  molecular  weight,  the 
various  products  may  be  converted  by  hydrogenation  to  saturated 
aldehydes  or  alcohols.  From  acetaldehyde  may  be  obtained  butyr- 
aldehyde,  caproaldehyde,  a-ethylbutyraldehyde,  and  a-ethylcaproalde- 
hyde,  as  well  as  1-butanol,  1-hexanol,  2-ethyl- 1-butanol,  and  2-ethyl- 

1-hexanol. 


CH3CH2CH2CHO 

Butyraldehyde 

CH3CH2CHCHO 

C2H5 

a-Ethy  lbuty  raldehy  de 

CH3CH2CH2CH2CHCH0 

C2H5 

a-Ethy  lcaproaldehy  de 

CH3CH2CH2CH2CH2CH0 


ch3ch2ch2ch2oh 

1 - Butanol 

CH3CH2CHCH2OH 

c2h5 

2-E  thy  1-1 -butanol 

ch3ch2ch2ch2chch2oh 

c2h5 

2- Ethyl-l-hexanol 

ch3ch2ch2ch2ch2ch2oh 

1-Hexanol 


Caproaldehyde 

Of  these  compounds  1-butanol  is  the  most  important.  It  is  available 
also!  along  with  acetone,  from  the  Weizmann  fermentation  of  glucose. 

32  Winstein  and  Lucas,  J.  Am.  Chem.  Soc.,  59,  1461  (1J37). 
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A  method  of  avoiding  the  retrograde  aldol  reaction  is  illustrated  by 
the  procedure  employed  in  dimerizing  acetone.  In  the  presence  of 
barium  hydroxide,  acetone  is  converted  reversibly  to  diacetone  alcohol 


(OS  I,  199). 


OH 

2CH3COCH3  ;=±  CH3CCH2COCH3 

ch3 


The  equilibrium  lies  so  far  to  the  left,  however,  that  little  or  no  product  is 
obtained  under  ordinary  conditions.  The  condensation  can  be  made 
useful  (71%  yields),  nevertheless,  by  placing  the  catalyst  in  a  Soxhlet 
extractor  and  allowing  the  acetone  to  flow  over  it.  The  diacetone 
alcohol  which  is  formed  will,  owing  to  its  higher  boiling  point,  accumulate 
in  the  flask.  Out  of  contact  with  the  catalyst,  it  is  stable. 

Diacetone  alcohol  by  loss  of  water  readily  passes  into  the  correspond¬ 
ing  unsaturated  ketone,  mesityl  oxide  (p.  95). 


OH 


CH3CCH2COCH3  ^z±  ch3c=chcoch3  +  h2o 


CHc 


CH; 


When  saturated  with  dry  hydrogen  chloride  and  allowed  to  stand, 
acetone  condenses  with  itself  to  yield  mesityl  oxide,  which  in  turn  com¬ 
bines  with  acetone  to  produce  phorone. 


CH 


CH  / 


3)>0  +  CH3COCH=C(CH3)2 


HC1 


(CH3)2C=CHCOCH=C(CH3)2  +  h2o 

The  formation  of  aldols  is  general  for  low-molecular  weight  aldehydes 
and  ketones.  The  use  of  two  different  carbonyl  compounds  normally 
leads  to  the  formation  of  mixtures  and  is  accordingly  of  little  use  in 

r^ctinn%  TeV  if  °n!y  °ne  °f  tHem  haS  hydrogen  atoms,  the 
action  often  affords  satisfactory  yields.  An  example  of  this  type  is 

out  rSTT  °-  f0rmaldehyde  with  acetone,  which  can  be  carried 
out  satisfactorily  with  sulfuric  acid  as  the  catalyst. 

CH3COCH3  +  CH20  CH3COCH2CH2OH  - — >■ 

ch3coch=ch2  +  h2o 

Dehydration  of  the  product  yields  methyl  vinyl  ketone  fn  75)  n  „ 
pound  which  is  of  potential  value  in 

Kolfenbach,  Tuller,  Underkofler,  and  Fulmer,  Ind.  Eng.  Chem.,  37,  1178  (1945). 
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Aldol  condensations  that  involve  an  ester  usually  are  carried  out 
with  an  alkoxide  as  catalyst,  since  esters  are  hydrolyzed  by  aqueous 
alkalies.  The  classical  example  is  the  Claisen  synthesis  of  cinnamates 
by  treating  an  aliphatic  ester  with  benzaldehyde  in  the  presence  of 
sodium  ethoxide.  The  preparation  of  ethyl  cinnamate  is  illustrative 
(OS  I,  252;  74%  yield). 

NaOC2H5 

c6h5cho  +  ch3co2c2h5 - - — >  c6h5ch=chco2c2h5  +  h2o 

Condensation  with  benzaldehyde  often  serves  as  a  diagnostic  test  for 
the  presence  of  an  active  methylene  group.  An  interesting  example  is 
the  formation  of  a-phenylcinnamonitrile  from  plienylacetonitrile  (OS 
29,  83;  91%  yield). 

c6h5cho  +  c6h5ch2cn  v'"'  >  c6h5ch=ccn  +  h2o 

CeH5 


p-Clilorobenzaldehyde  and  p-nitrobenzaldehyde  are  superior  to  benz¬ 
aldehyde  for  this  purpose,  since  they  react  much  more  rapidly. 

Cyclopen tadiene  reacts  with  benzaldehyde  and  acetone  to  give  phenyl- 
and  dimethylfulvene,  respectively. 


/CH-CH  NaOC2H5 

C6H5CHO  +  CH2  |  - 

XCH=CH 


/CH=CH 

C6H5CH=C  |  +  H20 

XCH=CH 


CH3n  xCH=(.  II  Naoc2H6  C'H'>  .  ,  /CH=CH  ,  it  n 

c=o  +  ch2  |  - *  /c==cxp  '  „  +  H2° 

CU3/  CIIT'II  OH./  CH-CH 


The  fact  that  fulvenes  are  colored  has  been  made  the  basis  of  a  method 
of  determination  of  cyclopentadiene  and  methylcyclopentadiene.34 

Acetophenone  is  much  less  reactive  than  aliphatic  methyl  ketones  but 
under  the  influence  of  aluminum  f-butoxide  (OS  21,  39),  reacts  with 

itself  to  yield  dypnone. 

2C6h5coch3  AI|0CiC"3^  c6h5c=chcoc6h5  +  h20 

The  catalyst  is  decomposed,  of  course,  by  the  water  which  is  formed, 
yielding  aluminum  hydroxide  and  f-butyl  alcohol.  T  e  con  ensa  iot 
fs  carried  out  at  133-137°,  the  alcohol  being  removed  by  dist.llatmn  as 
fast  as  it  is  produced.  The  reaction  is  complete  in  about 

r  i.  p— ■ 

3*  Powell,  Edson,  and  Fisher,  Anal.  Chem.,  20,  213  (1948). 
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(CH3C0)20 

ch3cho  +  CH2(C02C2H5)2  — — — > 

CH3CH=C(C02C2H5)2  +  h20 

Methyl  ethyl  ketone  is  of  exceptional  interest  because  it  can  undergo 
condensations  involving  either  the  methyl  or  the  methylene  group. 
When  the  catalyst  is  hydrogen  chloride  the  methylene  group  is  attacked 
chiefly,  whereas  sodium  ethoxide  leads  to  condensations  primarily 
affecting  the  methyl  group.  The  condensation  of  methyl  ethyl  ketone 
with  benzaldehyde  illustrates  this  difference. 

c6h5ch=chcoch2ch3  +  h2o 


ch3cocch3  +  h2o 
chc6h5 

Chloroform  and  bromoform  are  capable  of  entering  into  condensations 
of  the  aldol  type.  Chloroform  reacts  with  p-chlorobenzaldehyde,  for 
example,  to  yield  p-chlorophenyltrichloromethylcarbinol.35 

OH 

Cl<OCH0  +  CHCl3  C1^  /hcci3 

The  product  obtained  from  chloroform  and  acetone  is  known  as 
acetonechloroform  or  chloretone. 


alkali 


CH3COCH2CH3  4-  c6h5cho 


an^pr 


acid 


ch3x 

C=0  +  CHClg 

CH/ 


CH3n  /OH 
C 

ch/  \cci3 


It  is  best  prepared  by  use  of  potassium  hydroxide  in  an  acetal  as  solvent.36 
Acetonechloroform  reacts  with  alcohols  in  the  presence  of  an  alkaline 
catalyst  to  produce  salts  of  a-alkoxyisobutyric  acids.37  The  following 
mechanism  has  been  suggested. 


CH3x  /OH 
C 

ch/  \cci3 


CH3x  /0\ 

C - CC12 

ch/ 


CH3x  /0\ 

c — c=o 

CH/ 


ROH  CH3X  /OR 

- ►  c 

CH3/  nC02H 


Nitroparaffins  condense  with  formaldehyde  to  yield  the  corresponding 
methylol  compounds.  Thus,  nitromethane,  nitroethane,  and  2-nitro- 
36  Howard,  J.  Am.  Chem.  Soc.,  57,  2317  (1935). 

Weizmann,  Bergmann,  and  Sulzbacher,  J.  Am.  Chem.  Soc.,  70,  1189  (1948) 
Weizmann,  Sulzbacher,  and  Bergmann,  7.  Am.  Chem.  Soc.,  70,  ,153  (,948). 
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propane  are  converted  to  the  corresponding  tri-,  di-,  and  monomethylol 
derivatives  (CR  32,  373). 

CH3NO2  +  3CH20  - >  (H0CH2)3CN02 

ch2oh 

CH3CH2N02  +  2CH20  - ¥  CH3CN02 

ch2oh 

/CH2OH 

(CH3)2CHN02  +  CH20  - ►  (CH3)2C 

xno2 


It  is  possible  to  introduce  the  methylol  groups  one  at  a  time  by 
choosing  suitable  amounts  of  the  reactants.  Paraformaldehyde  and  an 
excess  of  nitromethane  react  in  the  presence  of  potassium  carbonate 
to  produce  /3-nitroethanol  in  good  yields. 

K2CO3 

CH3N02  +  CH20  —A  H0CH2CH2N02 

The  Claisen-Schmidt  Method.  One  procedure  for  bringing  about 
aldol  condensations  involves  an  aqueous  sodium  hydroxide  solution  as 
catalyst.  Generally  known  as  the  Claisen-Schmidt  method,  this  pro¬ 
cedure  is  especially  valuable  for  the  preparation  of  a,0- unsaturated 
ketones.  Benzaldehyde  is  caused  to  react  with  acetophenone,  for 
example,  to  give  benzalacetophenone  or  chalcone  (OS  I,  78;  85%  yield). 

c6h5cho  +  ch3coc6h5  c6h5ch=chcoc6h5  +  h2o 

From  benzaldehyde  and  acetone  are  obtained  benzalacetone  (OS  I,  77; 
78%  yield)  and  dibenzalacetone  (OS  II,  167;  94%  yield),  respectively. 

C6H5CHO  +  CH3COCH3  C6H5CH=CHCOCH3 

NaOH 

c6h5cho  +  ch3coch=chc6h5  — ^ 

C6H5CH=CHCOCH=CHC6H5 

Benzalpinacolone  (OS  I,  81;  93%  yield)  and  2-furfuralacetone  (OS  I, 
283;  66%  yield)  are  made  in  this  way  also. 

Similarly,  /3-nitrostyrene  can  be  synthesized  in  a  yield  of  83  %  by 
stirring  a  mixture  of  benzaldehyde,  nitromethane,  methanol,  water,  an 

sodium  hydroxide  (OS  I,  413).  _ 

CaHsCHO  +  CH3NO2  +  NaOH  - > 


TT(~M 

CrH5CHCH=N02Na  — >  C6H5CH=CHN02 


OH 
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The  Darzens  Glycidic  Ester  Condensation.  When  the  aldol  type  of 
condensation  is  caused  to  take  place  between  an  aldehyde  or  ketone 
and  an  a-halo  ester,  a  glycidic  ester  is  produced.  An  example  is  the 
preparation  of  ethyl  methylphenylglycidate  by  condensing  acetophenone 
with  ethyl  chloroacetate  in  the  presence  of  sodium  amide  (OS  24,  82; 
64%  yield). 

C6H5COCH3  +  C1CH2C02C2H5  +  NaNH2  - > 

ch3 

C6H5C - CHC02C2H5  +  NaCl  +  NH3 


This  type  of  condensation,  developed  by  Darzens  (OR  5,  413),  is  of 
interest  chiefly  because  the  glycidic  esters  provide  a  route  to  aldehydes 
and  ketones  having  more  carbon  atoms  than  those  employed  in  the 
synthesis  of  the  glycidic  esters.  Hydrolysis  of  ethyl  methylphenyl¬ 
glycidate  and  decarboxylation  of  the  epoxy  acid  produce  hydratrop- 
aldehyde  (OS  24,  87;  70%  yield). 

ch3  _  ch3 

c6h5c — chco2h  — c°2>  c6h5chcho 

xy 


a-p-Tolylpropionaldehyde  is  produced  in  a  66%  over-all  yield  by  a 
similar  series  of  reactions.38 

CH3<Z>COCH3  — ♦  ch3^%^c— chco2c2h5  — * 

ch3 


CH; 


/Ox  -C02 


- CHCOaH  — — >  CH3<f  \cHCHO 

CH3  CH3 

It  has  been  suggested  that  the  decomposition  of  a  glycidic  acid  to 
carbon  dioxide  and  an  aldehyde  may  involve  the  formation  of  a  quasi 
six-membered  ring  followed  by  the  shift  of  three  electron  pairs. 


/GC° 

HC.^O 


I  ' 

R-G 


90\  Vfl 

lX0'' 

CHa 


HQ 

R-C 
CH3 


+ 


O 


o 


38  Dutta,  J.  Ind.  Chem.  Soc.,  18,  233  (1941). 
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If  a-halo  esters  ot  higher  acids  are  employed,  the  final  products  are 
ketones. 

/Ox  Rlx 

Ri-C - CC02R - ►  CHCOR3 


R2  R? 


R*/ 


The  Knoevenagel  Method.  Knoevenagel  found  that  condensation 
between  an  aldehyde  and  an  active  methylene  compound  often  can  be 
effected  in  the  presence  of  ammonia  or  an  amine  as  the  catalyst.  Piper¬ 
idine,  pyridine,  and  diethylamine  probably  are  employed  more  frequently 
than  other  amines.  An  example  is  the  formation  of  ethyl  benzalmalonate 
by  the  condensation  of  benzaldehyde  with  ethyl  malonate  in  the  presence 
of  piperidine  (OS  25,  42;  91%  yield). 

C6H5CHO  +  CH2(C02C2H5)2  - ►  C6H5CH=C(C02C2H5)2  +  H20 

The  Knoevenagel  condensation  product  that  is  formed  when  ethyl 
malonate  and  salicylaldehyde  are  brought  together  in  the  presence  of 
piperidine  undergoes  ring  closure  to  yield  3-carbethoxycoumarin  (OS 
28,  24;  84%  yield). 


/\cHO 


V/ 


OH 


+  CH2(C02C2H5)2 


/V/\co2c2h5 


+  c2h5oh  +  h2o 


For  the  preparation  of  a,/3-unsaturated  esters  the  most  satisfactoiy 
method  is  to  heat  the  aldehyde  with  a  half  ester  of  malonic  acid  in  the 
presence  of  a  mixture  of  pyridine  and  piperidine.  Methyl  m-mtro- 
cinnamate,  for  example,  is  obtained  in  an  86/0  yield. 


/ 


>CHO  +  CH2 


co2h 


NO, 


\C02CH3 


NOs 


\ch=chco2ch3  +  co2  +  h20 


This  method  has  a  wider  range  of  applicability  than  the  Claisen  (p.  440) 
or  the  Reformatsky  (p.  165)  procedures  for  preparing  cinnamic  esters. 

39  Galat,  J.  Am.  Chem.  Soc.,  68,  376  (1946). 
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Malonic  acid  condenses  with  furfural,  in  the  presence  of  piperidine, 
to  give  furylacrylic  acid  in  a  92%  yield  (OS  25,  51).  When  chloio- 
benzaldehydes  are  heated  with  malonic  acid  for  4  hours  together  with  a 
trace  of  pyridine,  they  afford  nearly  theoretical  yields  of  the  correspond¬ 
ing  cinnamic  acids.40  Crotonaldehyde  and  malonic  acid  give  soibic  acid 
in  a  yield  of  only  32%  (OS  24,  92). 

pyridine 

CH3CH=CHCHO  +  CH2(C02H)2  — - ► 


ch3ch=chch=chco2h  +  C02  +  H20 


a-Phenyl-p-nitrocinnamic  acid  can  be  made  in  a  61%  yield  by  con¬ 
densing  p-nitrobenzaldehyde  with  phenylacetic  acid  in  the  presence  of 
triethylamine  and  acetic  anhydride.41 

This  synthesis  is  superior  to  the  Perkin  (p.  446)  in  that  it  does  not  re¬ 
quire  the  anhydrous  salt  of  the  acid  and  that  it  is  conducted  at  a  lower 
temperature  than  that  required  in  the  Perkin  procedure.  The  acetic 
anhydride  converts  the  phenylacetic  acid  to  phenylacetic  anhydride, 
which  is  the  actual  reactant.  The  condensation  may,  therefore,  be 
classified  as  a  modified  Perkin  reaction. 

When  butyraldehyde  is  mixed  with  ethyl  cyanoacetate  in  the  presence 
of  piperidinium  acetate  and  the  reaction  mixture  is  hydrogenated,  reduc¬ 
tive  alkylation  occurs,  giving  ethyl  n-butylcyanoacetate  in  nearly 
quantitative  yields  (OS  26,  31). 


CN 


Pd  /CN 

+  H2  - ►  C4H9CH  +  h2o 

xco2c2h. 


c3h7cho  +  ch2 


xco2c2h 


2W2115 


2W'2ri5 


It  has  been  shown  that  the  catalyst  in  the  Knoevenagel  reaction  is 
really  the  ammonium  (piperidinium,  diethylammonium,  etc.)  ion.  Ordi¬ 
narily  the  ion  is  formed  by  an  acid  reactant  or  by  traces  of  acid  present 
m  the  aldehyde.  If  the  aldehyde  is  freed  from  acid,  the  reaction  does 

not  take  placed2  Unless  one  of  the  reactants  is  an  acid,  it  is  best  to  use  a 
salt  such  as  piperidinium  acetate. 
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scheme  is  illustrated  by  the  conversion  of  2-acetylnapht,halene  to  y 
(2-naphthyl) valeric  acid. 


2-C10H7COCH3  + 


CH2C02C2Hs  (CH3)3COK 
CH2C02C2H5  * 


2-C10H7C=CCH2CO2H 

h3c  co2c2h5 

I 


HBr 

CH3CO2H  > 


2-C10H7CCH^CH2CO 

CH3 

II 


OH 

I  Ho 

2-C10H7CCH2CH2CO2Na  2-C10H7CHCH2CH2CO2H 

ch3  ch3 


The  most  satisfactory  condensing  agents  are  potassium  ^-butoxide  and 
sodium  hydride.44 

The  product  of  the  condensation  is  a  half  ester  (I),  which  yields  a 
saturated  lactone  (II)  when  heated  with  a  mixture  of  48%  hydrobromic 
acid  and  glacial  acetic  acid.  The  synthesis  is  completed  by  hydrolysis 
of  the  lactone  and  hydrogenolysis  of  the  hydroxy  acid  over  copper  chro¬ 
mium  oxide. 

The  Perkin  Cinnamic  Acid  Synthesis.  Anhydrides  are  relatively 
unreactive  and,  even  with  aldehydes,  require  long  treatment  at  elevated 
temperatures.  These  are  the  conditions  which  characterize  the  Perkin 
reaction  (OR  1,  210).  Thus  benzaldehyde,  when  heated  with  a  mixture 
of  potassium  acetate  and  acetic  anhydride,  gives  rise  to  cinnamic  acid. 


C6H5CHO  +  (CH3C0)20 


CH3CO2K 


>  C6H5CH=CHC02H  +  2CH3C02H 


The  condensation  is  clearly  of  the  aldol  type,  the  salt  of  a  hydroxy  acid 
being  an  intermediate.  Potassium  acetate  is  superior  to  sodium  acetate 
because  it  causes  the  reaction  to  proceed  more  rapidly.  With  it  cinnamic 
acid  may  be  obtained  in  a  60%  yield  by  5  hours  of  heating  at  170-175°. 
Furylacrylic  acid  is  prepared  from  furfural  by  this  procedure  (OS  20, 
55;  70%  yield).  Another  example  is  the  synthesis  of  ra-nitrocinnamic 

acid  from  ra-nitrobenzaldehyde  (OS  I,  398;  77%  yield). 

It  is  generally  accepted  that  the  condensation  takes  place  between  the 
aldehyde  and  the  anhydride,  the  salt  merely  acting  as  a  catalyst.4 
Condensation  always  occurs  on  the  a-carbon  atom.  Thus,  from  propi- 

44  Daub  and  Johnson,  J.  Am.  Chem.  Soc.,  70,  418  t1/^). 

«  Breslow  and  Hauser,  J.  Am.  Chem.  Soc.,  61,  786 
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onic  anhydride  and  sodium  propionate,  a-methylcinnamic  acid  is 
produced. 

*  CH3CH2C02Na 

C6H5CHO  +  (CH3CH2C0)20  - -> 

c6h5ch=cco2h  4-  ch3ch2co2h 
ch3 

This  method,  though  limited  to  the  aromatic  series,  is  capable  of 
considerable  extension.  From  salicylaldehyde  irans-o-hydroxycinnamic 
acid  or  coumaric  acid  is  formed.  Vigorous  dehydration  converts  it  to 
coumarin,  which  is  the  lactone  derived  from  the  unstable  cis  hydroxy 

acld‘  ch=chco2h  ch 

y\/  j\y  x 


\/\ 

OH 

Coumaric  acid 


"CH 


VN  / 

o 

Coumarin 


CO 


A  study  has  been  made  of  the  influence  of  nuclear  substituents  on  the 
Perkin  condensation,  some  of  the  results  of  which  are  summarized  in  the 
following  table.46 


Substituent 

Position(s) 

Yield  (%) 

•  •  •  • 

•  •  •  • 

49 

Cl 

2 

71 

Cl 

3 

63 

Cl 

4 

52 

Cl 

2,3 

62 

Cl 

2,6 

82 

Cl 

2,3,6 

66 

no2 

2 

75 

no2 

3 

75 

no2 

4 

82 

ch3 

2,4,6 

8 

These  yields  are  what  would  be  expected  on  the  assumption  that  reac- 

tmty  increases  as  the  carbonyl  carbon  atom  becomes  increasingly 

deficient  in  electrons.  This  deficiency  is  enhanced,  of  course,  by  mil 

dnectmg  groups  and  halogen  atoms  on  the  ring  and  diminished  bv 
ortho, para-directing  groups.  ^ 

and  tL?lt°LrtSU^TS,that  nitrobenzaldehydes  react  rapidly 
.  P  y  ^ro  benzaldehydes  condense  so  energetical v  that  +1 

» ““»“•»'«  Abo.  ,h.  inMnclion  1*“  :,hp; 

46  Lock  and  Bayer,  Ber.,  72B,  1064  (1939). 
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into  mesitaldehyde  raises  the  yield  from  8%  to  60%.  Certain  substi¬ 
tuted  cinnamic  acids  are  obtained  more  conveniently  by  the  Claisen  or 
Reformatsky  methods.  This  is  true  of  the  2,4,6-trimethylcinnamic  acid, 
for  example.47 

The  Perkin  method  has  been  employed  also  with  an  anhydride  in 
place  of  the  aldehyde.  When  a  mixture  of  phthalic  anhydride,  acetic 
anhydride,  and  potassium  acetate  is  heated  for  10  minutes  at  150-160°, 
phthalylacetic  acid  is  obtained  in  a  50%  yield. 


/\co 


'\ 


co/ 


O  +  (CH3C0)20 


ch3co2k 


/\c=chco2h 


+ 


V 


>0 

CO 


+  ch3co2h 


When  this  acid  is  treated  with  sodium  methoxide  and  subsequently 
warmed  with  hydrochloric  acid,  1,3-indandione  is  produced. 


|%C=CHC02H  CH3ONa  f%C°v 


V 


>0 

CO 


V 


CO' 


chco2h 


/\COx 


V 


co/ 


CH- 


Cold  aqueous  alkalies  open  the  lactone  ring  to  form  2-carboxybenzoyl- 
acetic  acid,  which  loses  carbon  dioxide  to  yield  o-acetylbenzoic  acid. 


/\c=CHC02H  koh  (Acoch2co2h 

>°  1777 ' 

CO  H2° 


\/ 


/\COCH; 


V" 


co2h 


V 


co2h 


When  phthalic  anhydride  and  malonic  acid  are  heated  in  the  presence 
of  pyridine,  o-acetylbenzoic  acid  is  obtained  in  a  48%  yield.48 

A  mixture  of  phthalic  anhydride,  phenylacetic  acid,  and  sodium 
acetate,  when  heated  for  3  hours  at  230-240°,  gives  benzalphthalide 
(OS  II,  61;  74%  yield). 

.  ^C^CHCeHs 

CH3C02Na  /  N 


c=o 
\ 


o  +  h2cco2h 


x/  \c=0  C6Hr 


o  +  co2  +  h2o 


C-0 


Benzalphthalide  is  converted  by  sodium  methoxide  into  2-phenyl- 
1,3-indandione  and  by  concentrated  alkalies  into  2-phenylacetylbenzoic 
qcid  fOR  1  223).  The  indandione  formation  can  be  explained  plausibly 
by  assuming  methanolysis  followed  by  an  intramolecular  Claisen  acyla- 

tion. 

<7  Bock,  Lock,  and  Schmidt,  Monatsh.,  64,  399  (1934). 

48  Yale,  J.  dm.  Chem.  Soc.,  69,  1547  (1947). 
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.  X>CHC6H5 

/\/  \ 

0  +  CH30' 

^N>0 


v\ 


cochc6h5 


coch3 

II 

o 

o 

/\/^\ 


'v\/ 


CHC6H5  +  CH3O 


o 


A  particularly  valuable  modification  of  the  Perkin  reaction  is  illus¬ 
trated  by  the  condensation  of  benzaldehyde,  succinic  anhydride,  and 
sodium  acetate. 


C6H5CHO  + 


CH2-COn 

I  0 


ch2-cck 


CH3C02Na 

- ► 


C6H5CH-CH-COx  C6H5CH - CHCOoH 

OH  CH2CO/0  *  O  CH2 

\  / 

CO 

The  aldol  undergoes  intramolecular  acylation,  the  final  product  being 
the  lactonic  acid,  phenylparaconic  acid.  Heat  converts  this  acid  to 
1-naphthol  (p.  403). 

By  a  similar  method  unsaturated  aldehydes  were  condensed  with 
succinic  acid  in  the  presence  of  acetic  anhydride  and  lead  oxide  (PbO) 
to  yield  polyenes  (CR  34,  435).  The  aldehydes  were  obtained  from 
cinnamaldehyde  and  acetaldehyde  by  the  aldol  condensation. 

C6H5CH=CHCHO  +  CH3CHO  C6H5CH=CHCH=CHCHO 

C6H5CH=CH-CH=CHCHO  +  CH3CHO  -  ' H2°) 

C6H5CH=CH-CH=CH-CH=CHCHO 

91ustraytiol!?S  ^  diPhenylhexadecaoctaene  may  be  taken  as  an 

C6H5(CH=CH)3CHO  +  CH3 - CH3  +  OHC(CH=CH)3C6H5  _ * 

co3h  co3h 

C6H5(CH=CH)8C6H5  +  2H30  +  2C02 

“  Kuhn,  •/.  Chem.  Soc.,  605  (1938). 
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The  octaene  has  a  copper-red  color  and  melts  at  285°.  Theoretically  it 
should  be  capable  of  existing  in  136  geometrically  isomeric  forms. 

The  best  way  to  prepare  1,4-diphenylbutadiene  is  to  condense  cinna- 
maldehyde  with  phenylacetic  acid  (OS  II,  229;  25%  yield). 

c6h5ch2co2h  +  C6H5CH=CHCHO  — — — > 

(CH3C0)20 

c6h5ch=chch=chc6h5  +  co2  +  h2o 


Although  the  Perkin  reaction  is  believed  to  involve  the  anhydride, 
there  are  instances  in  which  the  resulting  a,|3-unsaturated  acid  corre¬ 
sponds  to  the  salt  rather  than  to  the  anhydride  which  is  used.  For 
example,  potassium  phenylacetate,  benzaldehyde,  and  acetic  anhydride 
afford  a-phenylcinnamic  acid  in  a  55%  yield  (OR  1,  252).  Such  reac¬ 
tions  are  explained  by  reference  to  the  exchange  reaction  between  the 
salt  and  the  anhydride. 

2C6H5CH2C02Na  +  (CH3C0)20  - ► 

2CH3C02Na  +  (C6H5CH2C0)20 


A  valuable  application  of  the  Perkin  method  was  developed  by 
Erlenmeyer  in  the  synthesis  of  unsaturated  azladones.  These  important 
substances  are  formed  by  the  condensation  ol  aromatic  aldehydes  with 
acyl  derivatives  of  glycine  (OR  3,  198). 


ArCHO  + 


CH2C02H 

NHCOR 


(CHaCO)2Q)  ArCH=C  C=0  +  ^ 

CH3C02Na  N  O 

\  / 

CR 


It  is  believed  that  the  first  step  in  the  process  is  the  conversion  of  the 
acylamino  acid  to  an  azlactone,  which  then  undergoes  the  Perkin  reac¬ 
tion  with  the  aldehyde. 


CH2C02H 

NHCOR 


CHS 


N 


\  / 

CR 


C=0 

0 


ArCH=C - C=0 


N  O 

\  / 


CR 


The  Erlenmeyer  azlactone  synthesis  may  be  illustrated  by  the  con¬ 
ation  of  benzaldehyde  with  N-benzoylglycine  (OS  II,  1). 

ch2co2h  C6II5CH=C  c=o 


c6h5cho  + 


nhcoc6h5 


N 


o 


+  2H20 


cc6h5 
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The  Tollens  Condensation.  Tollens  developed  a  method  of  condensing 
formaldehyde  with  aldehydes  and  ketones  which  depends  on  the  use  of 
calcium  hydroxide  or  an  alkali  carbonate  as  catalyst.  It  requires  long 
treatment  and  yields  methylol  derivatives.  An  example  is  the  conversion 
of  isobutyraldehyde  to  2, 2-dimethyl- 1,3-propanediol.  The  first  reac¬ 
tion,  an  aldol  condensation,  is  followed  by  a  crossed  Cannizzaro  reaction, 
which  converts  the  carbonyl  group  to  a  carbinol  group. 


CH 


3\ 


CHCHO  +  CH20 

ch/ 

CH3x  /CH2OH 

c  +  ch2o  +  h2o 

CH/  xCHO 


CH3x  /CH2OH 
C 

CH/  xCHO 

CH3x  /CH2OH 

C  +  HC02H 

CH/  xCH2OH 


By  limiting  the  amount  of  formaldehyde  the  condensation  may  be  halted 
at  the  first  stage,  yielding  the  methylol  derivative  of  the  aldehyde. 
Another  example  is  the  conversion  of  isovaleraldehyde  to  a  trihydroxy- 
heptane. 


CH 


3\ 


CH/ 


CHCH2CHO  +  3CH20  +  H20 


CH 


3\ 


CHC(CH2OH)3  +  HC02H 

ch/ 

Cyclohexanone  is  transformed  into  the  tetramethylol  derivative  of 
cyclohexanol. 

°  OH 

(HOCH2)2/\< 


V 


V 


(CH2OH)2 


not  Ten  °  ^'7^’  be!ng  'f 3  reaCtive  than  aliphatic  ketones,  have 
t  given  satisfactory  results,  usually  yielding  complex  products 

exrrr:r  ctt  conditi°ns  simpier  ««» obtained.  F0r 

in  the3 presence  ^  1S,heated  with  formaldehyde  in  methanol 

dimethylol  derivative  *®SIUm  C"b°"ate’  ^  Pr°dUCt  i§  the  formal  of 


C6H6COCH3  +  3CH20  — >  c6h5coch  H2'%H2  +  h20 

Fuson,  Ross,  and  McKeever,  J.  Am.  Chem.  Soc.,  60,  2935  (1938). 
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1  he  most  important  example  of  Tollens’  reaction  is  the  conversion  of 
acetaldehyde  to  pentaerythritol  (OS  I,  425;  57%  yield). 

CH3CHO  +  4CH20  +  H20  - y  C(CH2OH)4  +  HC02H 

Ihe  ciossed  Cannizzaro  reaction  is  evidently  much  less  rapid  than  the 
aldol  condensation.  However,  it  is  irreversible.  Pentaerythritol  is 
always  accompanied  by  dipentaerythritol,  the  formation  of  which 
appeals  to  be  due  to  the  intermediate  production  of  acrolein.  Acrolein 
would  be  expected  to  react  additively  with  /3-hydroxypropionaldehyde 
to  yield  the  dialdehyde,  from  which  the  dipentaerythrityl  ether  would  be 
formed  in  the  normal  way.51 

CH3CHO  +  CH20  - y  CH2CH2CHO  - y  CH2=CHCHO 

OH 

CH2=CHCHO  +  CH2CH2CHO  - y  0(CH2CH2CH0)2 

OH 

Tripentaerythritol,  another  by-product  of  the  reaction  between 
formaldehyde  and  acetaldehyde,  could  be  formed  in  a  similar  way. 
Pentaerythritol,  as  well  as  di-  and  tripentaerythritol,  is  made  in  tonnage 
quantities  for  use  in  coatings.  Esters  prepared  from  these  alcohols  and 
unsaturated  acids,  such  as  those  from  linseed  oil,  are  drying  oils.52 

Pentaerythritol  has  been  prepared,  curiously,  by  the  action  of  form¬ 
aldehyde  on  unsaturated  aldehydes  such  as  crotonaldehyde  and  cin- 
namaldehyde.  The  explanation  is  likewise  to  be  found  in  the  reversi¬ 
bility  of  the  aldol  condensation  (p.  465).  In  alkaline  media  these  alde¬ 
hydes  may  yield  acetaldehyde. 

Pentaerythritol  reacts  with  nitric  acid  to  yield  the  explosive,  penta- 
erythrityl  tetranitrate  or  PETN. 

C(CH2OH)4  +  4H0N02  - y  C(CH20N02)4  +  4H20 

PETN  is  used  in  Cordeau-Bickford,  a  detonating  fuse.  A  lead  pipe 
about  an  inch  in  diameter  is  filled  with  PETN  and  drawn  into  a  wire.  A 
detonation  will  travel  along  such  a  wire  at  the  rate  of  3.85  miles  a  second. 

The  Mannich  Reaction.  If  aldol  condensations  are  carried  out  in  the 
presence  of  ammonia  or  a  primary  or  secondary  amine,  amino  ketones 
frequently  result.  The  interaction  of  formaldehyde,  acetophenone,  and 

61  Wawzonek  and  Rees,  J.  Am.  Chem.  Soc.,  70,  2433  (1948). 

«*  Burrell,  Ind.  Eng.  Chem.,  37,  86  (1945). 
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dimethylamine  is  an  example  (OS  23,  30).  In  practice  the  base  is  usually 
isolated  as  the  hydrochloride. 

C6H5COCH3  +  CH20  +  (CH3)2NH-HC1  - » 

C6H5COCH2CH2N(CH3)2-HCl  +  h2o 

This  type  of  condensation,  known  as  the  Mannich  reaction,  has  been 
employed  with  a  wide  variety  of  amines  and  is  successful  not  only  with 
ketones  but  also  with  aldehydes,  esters,  phenols,  acetylenes,  and  certain 
other  compounds  containing  reactive  hydrogen  atoms  (OR  1,  303). 

If  the  Mannich  base  contains  reactive  hydrogen  atoms,  a  second  basic 
group  may  be  introduced. 

RCOCH3  +  CH20  +  (CH3)2NH  HC1 


-h2o 


-» 


RCOCH2CH2N(CH3)2  •  HC1 


ch2o 


(CH3)2NH-HC1 


/CH2N(CH3)2HC1 

RCOCH 

\CH2N(CH3)2HC1 

On  the  other  hand,  Mannich  bases  that  are  themselves  secondary 
amines  may  react  further  to  yield  tertiary  amines. 

RCOCH3  +  CH20  +  RC0CH2CH2NHRHC1  - > 

RCOCH2CH2x 


/ 


NR.HC1  +  H20 


rcoch2ch2 

From  these  considerations  it  is  evident  that  this  method  is  widely 
applicable  to  synthetic  problems.  Its  value  in  the  preparation  of  ring 
compounds  is  worthy  of  mention.  An  example  is  the  formation  of 
3,5-diraethyl-2,6-diphcnyl-4-piperidone  (75%  yield)  from  diethyl  ketone, 
benzaldehyde,  and  ammonia.53 


O 

ii 

C 

CH3CH2  ^CHaCHg 
C6H5CHO  OHCC6H5 


O 

ii 

c 


CH3CH 

c6h5ch 


chch3 

CHCfiHr 


+  2H20 


H 


H 


N 

i 

H 


N 

i 

H 


53  Noller  and  Baliah,  J.  Am.  Chem.  Soc.,  70,  3853  (1948). 
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Ring  Closures  of  the  Aldol  Type 

Intramolecular  aldol  condensation  may  be  effected  with  suitably  con¬ 
stituted  compounds  such  as  1,5-diketones  to  yield  cyclohexene  deriva¬ 
tives.  For  example,  2,6-heptanedione  readily  undergoes  ring  closure 
in  the  piesence  ol  dilute  acids  or  alkalies;  the  product  is  3-methyl- 
AL>-cyclohexenone.54 
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A  similar  example  involving  a  1,6-diketone  is  the  conversion  of 
1,4-dibenzoylbutane  into  cyclopentene  derivatives;  in  the  presence  of 
sodium  amide  the  diketone  yields  a  mixture  of  two  isomeric  benzoyl- 
phenylcyclopentenes.55 
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The  condensation  product  of  ethyl  acetoacetate  with  acetaldehyde 
(p.  487),  a  substituted  6-diketone,  undergoes  ring  closure  when  treated 
with  sulfuric  acid  in  glacial  acetic  acid,  one  of  the  ester  groups  being 
removed  at  the  same  time  (OS  27,  24;  50%  yield). 
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64  Fargher  and  Perkin,  J .  Chem.  Soc.,  106,  1353  (1914). 

65  Bauer,  Compt.  rend.,  165,  288  (1912). 
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When  benzalphthalide  is  condensed  with  phenylmagnesium  bromide 
and  the  mixture  is  decomposed  with  sulfuric  acid,  2,3-diphenylindone 
is  produced.  This  compound  is  the  aldol  condensation  product  of  the 
diketone  presumably  formed  as  an  intermediate  (OS  27,  30;  71%  yield). 
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A  modification  of  the  Mannich  reaction  has  been  devised  by  Robinson 
to  close  rings  having  angular  methyl  groups.  The  Mannich  base  is 
converted  to  the  corresponding  methiodide,  which  presumably  decom¬ 
poses  more  readily  than  the  Mannich  base  and  for  this  reason  liberates 
the  a,/3-unsaturated  ketone  at  lower  concentrations  (OR  1,  321).  An 
example  is  the  formation  of  the  ketone  I  from  2-methylcyclohexanone.66 
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Chichibabin’s  synthesis  of  2-substituted  pyrrocolines  involves  as  the 
group”P  a  C°ndenSatl0n  between  a  carbonyl  group  and  an  active  methyl 


^j|CH3  0=CR 
VN  +  C1CH; 


Ach3  o=cr 


V?" 

Cl 


CH, 


”  iUFeU’  M^Qaillia’  and  Robinson,  J.  Chem.  Soc.,  53  (1937) 

orrows,  Holland,  and  Kenyon,  J.  Chem.  Soc.,  1069,  1075,  1077,  1083  (1946). 
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The  formation  of  2-methylindole  from  o-acetotoluide  is  formally 
similar  to  the  aldol  type  of  reaction.  However,  the  nuclear  methyl  group 
would  hardly  be  expected  to  be  reactive.  Actually  the  cyclization 
requires  heating  with  sodium  amide  at  240-260°  (OS  22,  94) ;  the  yield 
is  83%. 
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A  very  similar  example  is  the  formation  of  indole  by  heating  the  formyl 
derivative  of  o-toluidine  (OS  23,  42;  79%  yield).58 
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A  characteristic  reaction  of  a-diketones  having  the  group  -CH2COCO- 
is  quinone  formation  by  a  two-fold  aldol  condensation.  Methyl  phenyl 
diketone,  for  example,  condenses  (under  the  influence  of  alkaline  cata¬ 
lysts)  to  2,5-diphenylquinone.59 
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Ethyl  acetonedicarboxylate  and  acetylacetone  have  been  condensed 
in  the  following  manner.60 
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W  Galat  and  Friedman,  J.  Am.  Chem.  Soc., JO,  1280  (1948). 

»  Muller  and  von  Pechmann,  Ber  2%  2127  (11  ■  ■ 

«  prelog,  Metzler,  and  Jeger,  Helv.  Chim.  Acta,  30,  075  (U47). 
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A  methyl  or  methylene  ketone  should  be  capable  of  forming  a  benzene 
ring  by  three  successive  aldol  condensations,  the  last  of  which  is  intra¬ 
molecular.  The  simplest  example,  the  formation  of  benzene  from 
acetaldehyde,  has  not  been  realized.  The  preparation  of  mesitylene 
from  acetone  is  well  known,  however  (OS  I,  341).  The  ring  closure  takes 
place  under  the  influence  of  sulfuric  acid  and  appears  to  depend  on  the 
activation  of  a  methyl  group  by  a  distant  carbonyl  group  (p.  500). 
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A  large  amount  of  tar  is  formed,  presumably  by  linear  aldol  condensation. 
The  yield  of  mesitylene  seldom  exceeds  15%. 

dhe  production  of  1,3,5-triarylbenzenes  is  general  for  methyl  aryl 
ketones.  Acetophenone,  for  example,  yields  1,3,5-triphenylbenzene.61 
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61  Bcrnhauer,  Muller,  and  Neiser,  J.  prakl.  Chem.,  (2),  145,  301  (1936). 
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The  best  way  of  producing  triphenylbenzene  is  to  heat  a  mixture  of 
acetophenone,  aniline,  and  aniline  hydrochloride  for  an  hour  at  170-175° 
in  an  atmosphere  of  dry  carbon  dioxide.62 

As  in  the  acetoacetic  ester  condensation  (p.  430),  ethyl  formate  leads 
to  unstable  hydroxymethylene  compounds.  For  example,  the  derivative 
obtained  from  acetone  condenses  with  itself  to  give  1,3,5-triacetylbenzene 
(OS  2/,  91;  38%  yield).  Presumably  the  following  steps  are  involved. 
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The  cyclodehydration  of  5-methyl-3,5-octadien-2-one  to  yield  pseudo¬ 
cumene  is  a  simpler  example  of  this  type  of  ring  closure.63 
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In  the  presence  of  sulfuric  acid  cyclohexanone  condenses  with  itself 
to  yield  an  aromatic  compound.64 
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Cyclopentanone  has  been  condensed  with  itself  in  a  similar  way.65 
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62  Vorlander,  Fischer,  and  Wille,  Ber.,  62,  2S36  (1929). 

63  Barbier  and  Bouveault,  Compt.  rend.,  120,  1420  (1895). 

64  Kunze,  Ber.,  69,  2085  (1926);  Diels  and  Karstens,  Ber.,  60B,  23-3  (1427). 

65  Wallach,  Ber.,  30,  1094  (1897). 
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A  most  unusual  reaction  occurs  when  acetone  is  treated  with  the 
sodium  derivative  of  nitromalonaldehyde;  p-nitrophenol  is  the  product.66 
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When  cyclanones  are  employed,  meta  bridges  result.67 
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Rings  have  been  prepared  in  which  n  =  5,  6,  7,  9-15,  17,  18,  and 
27. 

The  Hooker  Oxidation.  One  of  the  most  interesting  transformations 
in  the  field  of  quinone  chemistry  was  discovered  by  Hooker,  in  a  study 
of  the  oxidation  of  lapachol  and  related  derivatives  of  2-hydroxyl- 1,4- 
naphthoquinone.  The  over-all  change  is  the  elimination  of  a  methylene 
group  and  interchange  of  the  positions  of  the  hydroxyl  and  alkyl  groups. 
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This  remarkable  transformation  has  been  shown  to  involve  a  series  of 
reactions  including  ring  opening  and  reclosure,  the  closure  being  of  the 
aldol  type.68  The  oxidation,  originally  effected  with  potassium 
ganate,  gives  improved  yields  (70-90%)  if  carried  out  in  two  steps  The 
hrst  stop,  involving  hydrogen  peroxide  and  sodium  carbonate,  yields 
the  hetoi  The  hetol,  which  need  not  be  isolated,  is  oxidized  further  with 
copper  sulfate  in  the  presence  of  sodium  hydroxide. 

66  HiU  and  Sanger,  Ber.,  15,  1906  (1882). 

”  ^r(  log  and  Wiesner,  Helv.  Chim.  Acta,  30,  1465  (1947). 

Fieser  and  Fieser,  J .  Am.  Chem.  Soc.}  70,  3215  (1948). 
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Not  the  least  remarkable  feature  of  the  Hooker  oxidation  is  that  it 
can  be  repeated  as  long  as  there  is  a  methylene  group  at  position  3.  Thus 
by  a  seven-fold  performance  of  the  operation  the  3-n-heptyl  derivative 
is  converted  to  2-hydroxy- 1,4-naphthoquinone. 


Thorpe’s  Reaction.  Thorpe  discovered  that  nitriles  can  enter  into  a 
condensation  reaction  that  may  be  considered  to  be  of  the  aldol  type. 
Nitriles  having  an  active  hydrogen  atom  may  undergo  dimerization  in 
the  presence  of  sodium  ethoxide.  Thus,  under  these  conditions,  cyano- 
acetic  ester  combines  with  itself  in  the  following  fashion. 


/CN 

2CH2 

s'C02C2H5 


NH 

II 

CH2C- 

co2c2h5 


/CN 

CH 

xC02C2H5 


THORPE’S  REACTION 
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Dissimilar  nitriles  have  been  condensed  successfully  in  this  way.  n 
example  is  the  combination  of  4-cyanoquinoline  with  benzyl  cyanide  to 
produce  4-phenylacetylquinoline,  the  catalyst  being  bromomagnesium 
di-n-butylamide.69 
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Applied  to  appropriate  dinitriles,  this  method  leads  to  the  formation 
of  cycloalkanone  derivatives.  Ethyl  a,5-dicyanovalerate,  for  example, 
may  be  converted  into  a,c/-Cyclopentanonedicarboxylic  acid. 


ch2ch2 
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ch2ch2 

This  acid  loses  carbon  dioxide  to  give  cyclopen tanone. 

In  a  similar  way  4-piperidone  has  been  made  from  fo's-(/3-cyanoethyl)- 
amine.  The  cyclization  is  catalyzed  by  sodium,  sodium  amide,  or  sodium 
alkoxides.  When  sodium  is  employed,  it  is  desirable  that  the  solvent 

be  an  ether  and  that  a  metal  carrier  such  as  naphthalene  be  present  •  the 
yield  is  70%. 70 
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This  reaction  has  been  employed  with  brilliant  success  in  the  synthesis 
o  very  large  rings.71  By  the  use  of  lithium  amides  as  catalysts  it  has 
been  possible  to  obtain  rings  having  as  many  as  fifteen  members.  The 

89  Lorz  and  Baltzly,  J.  Am.  Chem.  Soc.,  70,  1904  (1948). 

71  Bachman  and  Barker,  J.  Am.  Chem.  Soc .,  69,  1535  (1947). 

71  Ziegler,  Eberle,  and  Ohlinger,  Ann.,  504,  94  (1933). 
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remarkable  feature  of  this  process  is  that  even  in  this  range  it  affords 
the  ketones  in  yields  as  high  as  40%  of  the  theoretical  amount.  This 
procedure  is  one  of  the  best  available  for  synthesizing  rings  of  such  size. 
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It  is  essential  that  these  reactions  be  carried  out  at  high  dilution,  which 
favors  the  desired  intramolecular  condensation  as  opposed  to  the  inter- 
molecular  combination. 


Hydrolytic  Cleavage 


If  a  carbon  atom  holds  more  than  one  carbonyl  group,  cleavage  with 
alkalies  is  easily  accomplished,  being  analogous  to  the  reversal  of  the 
Claisen  type  of  condensation  (p.  465).  It  seems  probable  that  the  first 
step  in  the  reaction  is  the  addition  of  the  hydroxyl  ion  to  the  carbonyl 
carbon  atom.  The  process  may  be  illustrated  by  the  conversion  of 
acetylacetone  to  acetone. 
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In  unsymmetrical  1,3-dicarbonyl  compounds  the  break  occurs  at 
the  more  reactive  of  the  two  carbonyl  groups.  In  benzoylacetone  and 
ethyl  acetoacetate,  which  illustrate  this  point,  cleavage  of  the  chain 
occurs  preferentially  at  the  acetyl  group  (indicated  by  a  bioken  line). 
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A  study  of  the  fission  of  unsymmetrical  /3-diketones  has  shown  that  it  is 
concerned  with  the  ketonic  rather  tiian  the  cnolic  form. 

The  acetoacetic  ester  method  of  converting  acetic  acid  to  its  mono-  and 
dialkyl  derivatives  depends  on  the  introduction  of  the  labihzing  acetyl 
group  (to  facilitate  alkylation)  and  its  subsequent  removal  by  alkaline 
cleavage.  In  practice  this  procedure  is  generally  less  satisfactory  than 

the  malonic  ester  method.  .  . 

Hydrolytic  cleavage  of  the  cyclohexanone  ring  is  involved  in  certain 

syntheses  of  pimelic  acid.  One  of  these  mvolves  treatment  ot  salicylic 
72  Bickel,  J .  Am.  Chem.  Soc.,  67,  2204  (1945). 
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acid  with  sodium  and  isoamyl  alcohol.  A  better  method  is  to  hydrolyze 
the  keto  ester  obtained  by  pyrolysis  of  the  ethoxalyl  derivative  of  cyclo¬ 
hexanone  (OS  II,  531);  the  yield,  based  on  cyclohexanone,  is  54%. 
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The  hydroxy  methylene  group  has  been  introduced  for  the  purpose 
of  protecting  a  methylene  group.  Thus  it  is  possible  to  methylate 
2-methylcyclohexanone  in  the  2  position  by  first  condensing  it  with 
ethyl  formate  and  converting  the  hydroxymethylene  derivative  to  the 
isopropyl  ether.  After  the  methyl  group  has  been  introduced,  the 
hydroxymethylene  group  can  be  removed  by  hydrolysis.73 
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The  last  step  in  this  synthesis  corresponds  to  the  hydrolytic  cleavage  of 
a  fi-keto  aldehyde. 

Many  monocarbonyl  compounds  undergo  cleavage  of  the  carbon 
chain  when  treated  with  alkaline  reagents.  Although  the  reaction  ap¬ 
pears  to  be  characteristic  of  carbonyl  compounds  in  general,  simple 
a  dehydes,  ketones,  and  esters  rarely  react  in  this  way.  Cleavage  of 

such  compounds,  when  it  does  occur,  requires  relatively  drastic  treat- 
ment  and  is  useful  only  in  the  aromatic  series. 

Scission  of  aryl  ketones  is  usually  effected  by  alkali  fusion  or  by  boiling 
the  ketone  with  alcoholic  potassium  hydroxide.  This  type  of  cleavage 

73  Johnson  and  Posvic,  J.  Am.  Chem.  Soc.,  69,  1361  (1947). 
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has  been  applied  extensively  to  ketones  of  the  type  Ar3CCOAr.74  The 
cleavage  of  /3-benzopinacolone  to  potassium  benzoate  and  triphenyl- 
methane  is  an  example. 

(C6H5)3CCOC6H5  +  KOH  - >  (C6H5)3CH  +  C6H5C02K 

Other  examples  are  the  scission  of  10,10-diaryl-9-phenanthrones  and 
2,2-diaryl- 1-acenaphthenones  (R  =  aryl). 
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Perhaps  the  most  striking  illustration  of  this  type  of  cleavage  occuis 
in  the  haloform  reaction,  in  which  trihalomethyl  ketones  are  formed  as 
intermediates  (CR  15,  275).  Examples  of  acids  made  by  this  method  are 
trimethylacetic  (OS  I,  526;  74%  yield)  and  2-naphthoic  (OS  II,  428; 
88%  yield).  A  number  of  acetylthiophenes  have  been  converted  to 

acids  in  a  similar  way.75  , 

This  procedure  has  an  advantage  in  that  the  reagent  does  not  attack 

ethylenic  linkages.  Thus  it  is  effective  in  the  oxidation  of  benzalacetone 

to  cinnamic  acid  and  mesityl  oxide  to  /3-methylcrotomc  acid  (OS  23,  27, 

53%  yield). 

CoH5CH=CHCOCH3  — >  c6h5ch=chco2h 
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This  type  of  reaction 

bThe  clrb’onyl  caVon ’atom  of  a  trihalomethyl  ketone  is  electron  poor 
because  the  carbon  atom  of  the  adjacent  trihalomethyl  group  has  ceded 

74 Bachmann  and  Chu,  /.  Am.  Chem.  Soc  67,  10M ■  U|«-U 
7.  Hartough  and  Conley,  ./■  Am.  Chem.  Soc.,  69,  30.10  (U47). 
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a  large  share  of  its  electrons  to  the  highly  electrophilic  halogen  atoms. 
The  course  of  the  cleavage  may  be  the  following. 

1O1  .6.© 

R— C— CX3  i — ►  R-C-CX3 

© 

1O1©  1O1©  .0,° 

R-C-CX3  +  1 0-H® - ►  R-C-iCX3  - ►  R-C  +  HCXs 

as,  -  1  !  1 

©  0-H  1O1 


The  cleavage  of  2,6-dinitro-  and  2,6-dichlorobenzaldehydes,  mentioned 
in  connection  with  the  Cannizzaro  reaction  (p.  356),  bears  a  formal 
similarity  to  the  haloform  cleavage. 


N02 

^>CHO  +  NaOH 

v=no2 

Cl 

^>CHO  +  NaOH 
(Cl 


N02 

^  +  HC02Na 

v=no2 

Cl 

^  ^  +  HC02Na 

^C1 


Retrograde  Aldol  Condensation.  a,/3-Unsaturated  carbonyl  com¬ 
pounds  in  general  tend  to  undergo  chain  cleavage,  particularly  under 
the  influence  of  alkalies.  This  process,  mentioned  earlier  (p.  439),  is 
called  the  retrograde  aldol  condensation  and  probably  involves  hydration 
to  the  aldol,  which  then  breaks  down. 


H20  , 

RCH=CHCOR  RCHCH2COR  ;z=±  RCHO  +  CH3COR 

An  example  from  the  terpene  series  is  the  scission  of  pulegone  to  acetone 
and  3-methylcyclohexanone  by  prolonged  treatment  with  alkali  or  acid.76 


ch3 

CH 


/ 

\ 

ch2 

CH 

ch2 

CO 

\  / 
c 

II 


c 

CR3'  nCH3 


ch3 

CH 


/ 

\ 

2  H2(3  CH2 

CH 

1 

ch2 

CO 

\  / 


CH 

C-OH 

ch3/  \ch3 


76  Leser,  Ann.  chim.,  (8),  26,  227  (1912). 
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ch2 

CO 

ch3'  ^ch3 


46G 


ACTIVE  METHYLENE  COMPOUNDS 


A  cleavage  that  bears  a  close  resemblance  to  the  retrograde  aldol 
occurs  when  certain  /3-diketones  are  treated  with  Grignard  reagents. 
An  example  is  the  conversion  of  tetramethyl-l,3-cyclobutanedione  to 
5-hydroxy-2,4,4,5-tetramethyl-3-hexanone  by  the  action  of  methyl- 
magnesium  bromide.77 

CH3 

(CH3)2C-C=0  — ; ,M|sBr  >  (CH3)2C-C-OMgBr  ;=± 

0=C-C(CH3)2  0=C-C(CH3)2 

ch3  ch3 

(CH3)2C-C=0  ---?Nlt:Br  )  (CH3)2C - C-COCH(CH3)2 

BrMgOC=C(CH3)2  OH  CH3 

77  Erickson  and  Kitchens,  J.  Am.  Chem.  Soc.,  68,  492  (1946). 
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Unsaturated  carbonyl  compounds  result  from  many  of  the  condensa¬ 
tions  considered  in  the  preceding  chapter  and  are  known  in  large  num¬ 
bers  and  in  great  variety.  In  general,  they  possess  the  properties  of 
olefins  as  well  as  those  of  saturated  carbonyl  compounds.  However,  if 
the  ethylenic  bond  is  in  the  a, ^-position  with  respect  to  the  carbonyl 
group,  i.e.,  if  the  two  form  a  conjugated  system,  certain  peculiarities  are 
encountered  in  the  mode  of  attack  of  reagents.  An  a,/3-unsaturated 
ketone,  for  example,  has  a  polarized  structure  (II)  in  which  the  positive 
center  is  at  the  4  position  as  well  as  that  (I)  in  which  it  resides  on  the  2 
or  carbonyl  carbon  atom. 

4  3  ©  -U  4  3  2  1  ©  *.  2.  ~ 

RCH=CHC-Oiu  <— ►  RCH=CHC=0  < — ►  RCH-CH=C-0 1  ^ 

H  —  I  *3  |  - 

R  R  R 

I  II 


As  a  consequence  carbonyl  reagents  may  attack  at  position  4  rather 
than  at  the  usual  site  (position  2).  The  addition  of  an  unsymmetrical 
reagent  HA  in  this  manner  occurs  in  at  least  two  stages,  the  first  being 
attachment  of  either  the  negative  (A~)  or  the  positive  (H+)  moiety. 
If  we  consider  the  case  in  which  the  first  step  is  the  attachment  of  the 
negative  moiety  (A  )  at  position  4,  it  will  be  apparent  that  reactions 
of  the  resultant  adduct  may  correspond  to  either  of  two  resonance 
structures,  III  and  IV,  the  final  result  being,  respectively,  1,4  or  3  4 
addition. 


RCHCH=C-Oi0  +  H+ 
A  R  ~ 


RCHCH=C-OH 
A  R 


III 


V 


i 


© 


RCHCH-C=0  +  H+ 

A  R 
IV 


i 


rchch2c=o 

A  R 
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How  ever,  nearly  all  enolic  compounds  such  as  that  produced  by  1,4 
addition  (V)  rearrange  spontaneously  to  the  corresponding  carbonyl 
compounds  (VI),  which  would  be  produced  by  3,4  addition.  Hence  it 
is  ordinarily  not  possible  to  tell  whether  the  addition  reaction  is  of  the 
1,4  or  3,4  type.  The  essential  feature  of  the  reaction  is  the  attachment 
of  the  negative  ion  (A~)  at  position  4.  The  term  1,4  addition  therefore 
does  not  appear  to  be  entirely  satisfactory.  Moreover,  reactions  of 
more  extended  systems  of  conjugated  double  bonds  may  involve  attach¬ 
ment  of  the  negative  ion  at  position  6  or  at  more  distant  even-numbered 
positions.  A  general  term  that  embraces  all  such  addition  reactions  is 
conjugate  addition. 

Conjugated  systems  having  a  hetero  atom  at  a  terminal  position 
undergo  conjugate  addition  with  a  wide  variety  of  reagents,  the  most 
important  of  which  will  be  discussed  briefly. 

Hydrogen  Halides 

An  outstanding  characteristic  of  conjugate  addition  is  that  it  is  not 
readily  reversible.  Many  of  the  corresponding  1,2  addition  compounds, 
on  the  other  hand,  dissociate  so  readily  as  to  be  too  unstable  to  isolate. 
A  striking  example  is  the  addition  of  hydrogen  halides  to  carbonyl  com¬ 
pounds.  No  compound  in  which  a  carbon  atom  holds  both  a  hydroxyl 
group  and  a  halogen  atom  has  been  isolated.  In  contrast,  conjugate 

addition  of  hydrogen  halides  is  a  general  reaction  of  a,0-unsaturated 
carbonyl  compounds.  It  is  to  be  supposed  that  1,2  addition  occurs 
readily  but  is  not  favored  by  the  equilibrium. 

RCH=CHC-X 

RCH=CHC=0  ^  R 

R  ^  rchch2c=o 

I  I 

X  R 

Since  hydrogen  halides  are  capable  of  adding  to  isolated  olefinic  bonds 
(p.  49),  it  is  significant  that  the  addition  of  a  hydrogen  halide  to  a,/3- 
unsaturated  carbonyl  compounds  always  produces  the  /3-halogen  deriva¬ 
tive  This  fact  justifies  the  belief  that  the  reactions  are  correctly  classed 
as  conjugate  addition.  Thus  methyl  acrylate  and  hydrogen  bromide 
yield  methyl  /3-bromopropionate  (OS  20,  64). 

CH2=CHC02CH3  +  HBr  - >  BrCH2CH2C02CH3 

In  a  similar  manner  hydrogen  chloride  combines  with  acrolein  to  form 
/3-chloropropionaldehyde  (OS  I,  166). 

CH2=CHCHO  +  HC1  - 


C1CH2CH2CH0 


alcohols 
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Conjugate  addition  of  hydrogen  halides  is  not  often  a  useful  reaction; 
many  unsaturated  carbonyl  compounds  fail  to  react. 


Aromatic  Hydrocarbons 

It  has  been  pointed  out  (p.  316)  that  aromatic  hydrocarbons  may 
combine  with  olefinic  compounds  in  the  presence  of  aluminum  chloride. 
If  the  olefinic  bond  is  conjugated  with  a  carbonyl  group,  the  addition  is 
still  possible  but  always  produces  a  0-aryl  derivative.  There  is  evidence 
that  this  reaction  occurs  only  if  a  hydrogen  halide  is  present  just  as  in 
the  condensation  of  simple  olefins.  Many  condensations  of  this  type 
are  known,  an  interesting  example  being  the  addition  of  benzene  to 
benzalacetophenone  to  produce  0,0-diphenylpropiophenone  (OS  II,  236). 

CcH6CH=CHCOC6H5  - >  (C6H5)2CHCH2COC6H5 

A1C13 

This  reaction  appears  to  take  place  reversibly,  for  p-bromobenzalaceto- 
phenone  yields  the  same  product,  bromobenzene  being  formed  also.1 

AICI3 

BrC6H4CH=CHCOC6H5  +  2C6H6  , 

(C6H5)2CHCH2COC6H5  +  C6H5Br 

p-Chlorocinnamic  acid  reacts  with  benzene  in  a  similar  way,  yielding 
0,0-diphenylpropionic  acid. 

Water 

a,0-Unsaturated  carbonyl  compounds  may  be  cleaved  by  treatment 
with  aqueous  alkalies.  Presumably  this  change  involves  hydration  to 
form  the  aldol,  which  then  undergoes  a  retrograde  aldol  condensation 
(p.  465).  This  is  another  way  of  saying  that  the  aldol  type  of  condensa¬ 
tion  and  the  subsequent  elimination  of  the  elements  of  water  are  revers¬ 
ible  processes.  Deliberate  attempts  to  transform  the  unsaturated  car¬ 
bonyl  compound  to  the  starting  materials  are  not  often  successful,  how¬ 
ever,  because  such  substances  are  usually  too  reactive  to  be  isolated 
under  the  conditions  involved.  As  has  been  pointed  out  (p.  452),  it 
sometimes  happens  that  attempts  to  employ  crotonaldehyde  in  aldol 
condensations  yield  products  normally  obtained  from  acetaldehyde. 


Alcohols 

Alcohols  may  be  added  to  a,/3-unsaturated  carbonyl  compounds  by 
the  use  of  an  alkaline  or  acid  catalyst.  Ethyl  0-ethoxypropionate  is 

1  Eaton,  Black,  and  Fuson,  J.  Am.  Chem.  Soc.f  66,  687  (1934). 
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formed  from  ethyl  acrylate  and  ethanol  in  the  presence  of  sodium 
1  ethoxide. 

CH2=CHC02C2H5  +  c2h5oh  — »  c2h5och2ch2co2c2h5 

Acetalization  of  a,/3-unsaturated  aldehydes  leads  to  complications, 
one  product  being  the  /3-alkoxy  acetal  formed  by  addition  of  a  molecule 
of  alcohol  to  the  aldehyde  and  subsequent  transformation  to  the  acetal. 
For  example,  when  acrolein  is  treated  with  ethanol  in  the  presence  of 
hydrogen  chloride,  the  product  consists  of  a  mixture  of  acrolein  acetal 
and  /3-ethoxy propionaldehyde  acetal  (OS  25,  1).  Crotonaldehyde  with 
ethyl  alcohol  gives  the  ethyl  acetal  of  /3-ethoxybutyraldehyde. 

oc2h5 

CH3CH=CHCHO  — -"5<)H  >  CH3CHCH2CH(OC2H5)2 

One  way  around  the  difficulty  is  illustrated  in  the  synthesis  of  glyceral- 
dehyde  (p.  228). 

Conjugate  addition  of  alcohols  occurs  also  when  cro tonic  esters  are 
treated  with  alcohols  in  the  presence  of  alkalies.  It  is  interesting,  how¬ 
ever,  that  in  attempts  to  dehydrobrominate  ethyl  a-bromocrotonate  by 
treatment  with  methanolic  sodium  hydroxide,  propiolic  acid  is  not  ob¬ 
tained  but  instead  a-methoxycrotonic  acid,  accompanied  by  only  a  small 
amount  of  /3-methoxy  cro  tonic  acid. 

NaOH 

CH3CH=CBrC02C2H5  — — »  CH3CH=CC02H 

CH3OH  1 

och3 

When  a,/3-dibromobutyric  acid  is  treated  with  methanolic  potassium 
hydroxide  a-methoxy  cro  tonic  acid  is  obtained  in  an  80%  yield.-  Pre¬ 
sumably  a-bromocrotonic  acid  is  an  intermediate.  When  a-bromoiso- 
crotonic  acid  is  used,  a-methoxycrotonic  acid  is  obtained  in  an  8/  /q 
yield.  However,  when  higher  alcohols  are  employed  the  amount  of  the 
beta  isomer  increases.  With  potassium  i-butoxide  the  sole  product  ap¬ 
pears  to  be  j8-i-butoxycrotonic  acid.  The  formation  of  the  beta  alkoxy- 
crotonic  acids  may  take  place  either  by  conjugate  addition  to  a-bromo- 
crotonic  acid  followed  by  dehydrobromination  or  by  dehydrobromina- 
tion  followed  by  conjugate  addition  of  the  alcohol  to  the  resultant  propi¬ 
olic  acid. 

The  fact  that  esters  undergo  alcoholysis  may  be  taken  to  mean  that 
addition  of  an  alcohol  to  the  carbonyl  group  of  an  ester  occurs.  It  is 
interesting  that  even  a,/3-unsaturated  esters  undergo  this  change  when 

acid  catalysts  are  present. 

*  Pfister,  Robinson,  and  Tishler,  J.  Am.  Chem.  Soc ,  67,  2269  (1945). 
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Sulfhydryl  Compounds 

Sulfhydryl  compounds  are  more  effective  nucleophilic  agents  than 
hydroxyl  compounds.  /3-Ketomercaptans  are  produced  by  the  addition 
of  hydrogen  sulfide  to  a,/3-unsaturated  ketones.  Thus,  benzalaceto- 
phenone  reacts  with  hydrogen  sulfide  according  to  the  following  equa¬ 
tion  (Gilman  I,  844). 

C6H5CH=CHCOC6H5  +  H2S  - y  CeHsCHCHsCOCeHs 

SH 


In  the  presence  of  sodium  acetate  hydrogen  sulfide  unites  with  two 
moles  of  methyl  acrylate,  the  second  phase  of  the  reaction  involving  the 
addition  of  a  mercaptan. 

CH2=CHC02CH3 

h2s  +  ch2=chco2ch3  — ►  hsch2ch2co2ch3 - ► 


/CH2CH2C02CH3 

s 

\ch2ch2co2ch3 


Mercaptans  in  general  react  readily  with  a, 0-un saturated  carbonyl 
compounds  and  nitriles.  2-Mercaptoethanol,  for  example,  undergoes 
cyanoethylation  (p.  491)  without  a  catalyst  (OS  29,  52;  94%  yield). 

HOCH2CH2SH  +  CH2=CHCN  - y  HOCH2CH2SCH2CH2CN 

In  fact,  catalysts  are  to  be  avoided  in  this  particular  reaction,  since  they  lead 
to  the  dicyanoethylated  product  (NCCH2CH2OCH2CH2SCH2CH2CN). 

In  the  presence  of  a  small  amount  of  sodium  methoxide,  methyl 
acrylate  combines  with  thiophenol  to  give  methyl  /3-phenylmercapto- 
propionate  in  a  96%  yield.3 

c6h5sh  +  ch2=chco2ch3  -ll3°N'l>  c6h5sch2ch2co2ch3 


Ammonia  and  Amines 

Ammonia  and  primary  and  secondary  amines,  being  basic  and  there- 

foie  nucleophilic  agents,  enter  readily  into  reactions  of  the  conjugate 

type.  Although  1,2  addition  of  ammonia  and  primary  and  secondary 

amines  to  carbonyl  compounds  must  be  supposed  to  be  general,  only 

a  few  of  the  most  reactive  carbonyl  compounds  yield  stable  addition 

products  (p.  370).  Conjugate  addition,  on  the  other  hand,  has  been 

realized  with  a  wide  variety  of  carbonyl  compounds  as  well  as  with 
nitriles. 

3  Hurd  and  Gershbein,  J.  Am.  Chem.  Soc.,  69,  2328  (1947). 
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It  is  to  be  emphasized  that  this  type  of  reaction  does  not  occur  with 
simple  olefins.  The  nearest  approach  to  this  change  is  the  addition  of 
such  bases  in  the  presence  of  acids.  The  mechanism  of  such  reactions 
may  involve  addition  of  the  acid  to  the  olefin  followed  by  an  alkylation 
reaction.  Addition  of  an  amine  to  an  olefinic  hydrocarbon  has  been 
achieved,  however,  by  substituting  highly  conjugated  systems  of  olefinic 
linkages  for  the  carbonyl  group.  Dibiphcnyleneethylene  reacts  addi- 
tively  with  amines.4 


A _ /\ 


/\ _ A 


V\/V 

,/v0^ 


+  rnh2 


V\  A/ 

CH  v 
CNHR 


V7  \/ 


V  V 


The  addition  of  ammonia  and  primary  and  secondary  amines  to 
a,/3-unsaturated  ketones  and  esters  gives  /3-amino  compounds  (CR  38, 
83).  Mesityl  oxide,  for  example,  combines  with  ammonia  and  with 
methylamine  (OS  25,  28)  as  follows. 


CH3x 

c=chcoch3  +  nh3 

ch3/ 


ch3x 

cch2coch3 


CH 


/  I 


NH 


2 


3XC=CHCOCH3  +  CH3NH2  - ►  '  CCH2COCH3 

CH/  CH3/NHCH3 

Ethyl  aspartate  is  prepared  by  treating  ethyl  maleatc  with  ammonia 
under  pressure. 

CHC02C2H5  _  CH2CO2C2H5 

CHCO2C2H5  3  h2nchco2c2h5 

Ethyl  crotonate  unites  with  diethylamine  to  give  the  corresponding 
/3-amino  propionate,  the  reaction  being  reversed  by  heat. 

CH3CH=CHC02C2H5  +  (C2H5)2NH  ch3chch2co2c2h5 

N(C2H5)2 


When  an  alcohol  solution  of  ethyl  acrylate  and  methylamine  is 
allowed  to  stand  for  six  days,  di-/3-carbethoxyethylmethylamine  is  pro¬ 
duced  in  an  86%  yield  (OS  20,  35). 

*  Pinck  and  Hilbert,  J.  Am.  Chem.  Soc.,  67,  2398  (1935). 
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CH3NH2  +  ch2=ciico2c2ii.-, 


ch3nhch2ch2co2c2h5 


ch2=chco2c2h5 

- ►  ch3n 


/CH2CH2C02C2H 

xc:ii2ch2co2c2h 


5 

5 


This  reaction  affords  an  entry  into  the  piperidone  series  (p.  435). 5 

Phorone  condenses  with  ammonia  to  triacetoneamine.  The  mecha¬ 
nism  appears  to  involve  two  steps  each  of  which  may  be  looked  upon  as 
being  of  the  conjugate  type. 

(CH3)2C=CH  (CH^C  CIi2  (CHs)2C  ch2 

CO  +  NH3  - ►  NH2  CO  - ►  NH  CO 

(CH3)2OCH  (CH3)2C^CH  (CH3)2C — ch2 

Conjugate  addition  of  o:,/3-unsaturated  nitriles  with  ammonia  is 
illustrated  by  the  first  step  in  a  synthesis  of  /3-alanine  (OS  27,  1),  which 
consists  of  the  addition  of  ammonia  to  acrylonitrile  (OS  27,  3);  if  two 
moles  of  nitrile  are  employed,  the  chief  product  (57%  yield)  is  5fs(/3- 
cyanoethyl)amine  (OS  27,  3). 


CH2=CHCN  +  NH3  y  H2NCH2CH2CN 

H2NCH2CH2CN  +  CH2=CHCN  y  HN(CH2CH2CN)2 


It  has  been  demonstrated  that  methoxylamine  combines  reversibly 
and  in  the  conjugate  manner  with  a,/3-unsaturated  ketones.6 

The  reaction  between  aldehydes  and  hydrazines  normally  leads  to  the 
formation  of  azines  (p.  375).  However,  hydrazones  of  unsaturated  aide- 
hydes  may  undergo  ring  closure  to  yield  pyrazolines.  Cinnamaldehyde 
reacts  in  this  manner  when  heated  with  hydrazine,  the  product  beinf 
5-phenylpyrazoline. 


C6H5CH=CHCHO  +  H2NNH2 


-h2o 

- > 


C6H5CH=CHCH=NNHo 


CcH5CH-CH2 

CH 

:sthn" 


Phenylhydrazine  reacts  similarly  to  produce  1,5-diphenylpyrazoline. 


C6H5CH=CHCHO  +  C6H5NHNH2  — 2°> 


CcH3CH=CHCH=NNHCrII 


6^5 


‘  r.”r,d;  B,UC:  an<l  Greiner’  Am-  CAem.  Sac.,  69,  844  (194 
Hiatt,  /.  Am.  Chem.  Soc.,  61,  3494  (1939). 


c6h5chch2 

CH 

CoH5N-N 
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The  ring  closure  in  these  examples  is  due  to  an  addition  of  the  conjugate 
type. 

Pyrazolines  are  thermally  unstable  and,  when  heated  with  potassium 
hydroxide  in  the  presence  of  platinum,  yield  cyclopropane  derivatives. 
a,/3-Unsaturated  ketones  and  aldehydes  can  be  converted  by  this 
method  into  the  corresponding  cyclopropane  derivatives.  Thus,  cin- 
namaldehyde  gives  phenylcyclopropane. 


C6H5CH=CHCHO 


N2H4 

- ► 


C6H5CH-CH2x 
I  CH 

NH - N' 


/CH2 

c6h5ch  I 
nch2 


Similarly,  mesityl  oxide  yields  1,1,2-trimethylcyclopropane. 

N2H4 

(CH3)2C=CHCOCH3  - ► 

/NH— N  /CH2 

(CH3)2C  II  - ►  (CH3)2C  I 

VCH2-CCH3  X)HCH3 


The  similarity  between  this  type  of  decomposition  and  that  of  azo 
compounds  becomes  apparent  if  the  pyrazoline  is  written  in  the  follow- 

ing  form.  RCHCH2\ 


CH2 

N=N/ 


A  classical  example  of  this  type  of  reaction  is  the  conversion  of 
pulegone  into  carane.7 


ch3 

ch3 

ch3 

1 

CH 

CH 

CH 

/  \ 

/  \ 

/  \ 

ch2  ch2 

N2H4  9H2  ?H2 

- >  1  1 

ch2  c 

— n2  vH2  VHz 

- >  1  1 

CH2  CH 

CH,  CO 

\  / 

\  /  \ 

\  /  \ 

\  / 
c 

CH  N 

CH  C(CH3)2 

II 

c 

ch3/xch3 

Pulegone 

C— NH 
CH./'CH, 

Carane 

Sodium  Bisulfite 

An  interesting  example  of  conjugate  addition  is  observed  when  cin- 
namaldehyde  is  treated  with  sodium  bisulfite.  The  primary  addition 
product  (I),  if  allowed  to  stand  in  solution,  gradually  changes  to  the 
dibisulfite  (II)  with  the  liberation  of  an  equivalent  amount  of  aldehyde. 

7  Kishner  and  Zavadovskil,  /.  Russ.  Phys.  Chem.  Soc.,  46,  1132  (1911). 
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Evidently  conjugate  addition,  although  slower  than  1,2  addition,  is 
favored  by  the  equilibria  involved.  It  is  not  surprising  that  the  product 
of  conjugate  addition  (III),  being  saturated,  is  more  reactive  than  the 
unsaturated  (resonance  stabilized)  aldehyde  and  is  able  to  compete  suc¬ 
cessfully  for  the  second  mole  of  bisulfite. 


/OH 

C6H5CH-CHCH  ; 

xS03Na 

I 


/OH 

C6H5CHCH2CH 


S03Na 


NS03Na 


II 


NaHSOs 

v 

^ - 


C6H5CH=CHC  +  NaHSOa 

XH 


NaHSOs 


C6H5CHCH2CHO 

S03Na 

III 


Many  examples  of  conjugate  addition  of  bisulfite  are  known  with 
compounds  that  fail  to  yield  products  of  1,2  addition.  Thus  sodium 
bisulfite  reacts  with  many  unsaturated  ketones,  acids,  and  esters  to 
yield  beta  sulfonates.  An  example  is  benzalacetophenone. 

C6H5CH=CHCOC6H5  +  NaHS03  - >  C6H5CHCH2COC6H5 

S03Na 

This  type  of  reaction  occurs  with  maleic  acid  derivatives  and  has  been 
applied  to  certain  alkyd  resins  (p.  608)  formed  from  maleic  acid  to 
make  surface-active  compounds. 

ch2co2r 


chco2r 

chco2r 


+  NaHSOs 


chco2r 

S03Na 


Hydrogen  Cyanide 

Whereas  the  formation  of  cyanohydrins  by  the  addition  of  hydrogen 
cyanide  is  limited  to  aldehydes  and  the  more  reactive  ketones,  conjugate 
addition  occurs  with  many  ketones  and  esters.  Ethyl  crotonate,  for 
example,  yields  ethyl  0-cyanobutyrate  (OS  26,  54). 

CH3CH=CHC02C2H5  +  HCN  - ►  CH3CHCH2C02C2H5 

CN 

Bemiakcetoiihcnone  undergoes  this  type  of  reaction  also  (OS  II  4981- 
t  le  yield  of  a-pheny  1-d-ben zoy lpropion i trile  is  96%.  ’  ’ 

C6H5CH=CHCOC6H5  +  HCN  - ►  CcH5CHCH2COC6H-, 

CN 
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Conjugate  addition  does,  however,  occur  with  ketones  that  are 
capable  of  forming  cyanohydrins.  For  example,  levulinonitrile  has  been 
produced  from  methyl  vinyl  ketone  by  the  addition  of  hydrogen  cyanide.8 

CH3COCH=CH2  +  HCN  - y  CH3COCH2CH2CN 

Hydrogen  cyanide  adds  to  ethyl  cinnamate  with  difficulty.  Appar¬ 
ently  the  low  yield  with  this  ester  is  to  be  ascribed  to  the  lower  degree 
ol  reactivity  of  the  ester  carbonyl  group  as  compared  with  that  in  ben- 
zalacetophenone,  combined  with  the  conjugation  of  the  olefinic  linkage 
with  the  phenyl  radical,  which  would  make  it  less  receptive  than  in 
crotonic  esters.  Hydrogen  cyanide  also  combines  with  ethyl  benzal- 
malonate  in  alkaline  solution;  carbon  dioxide  is  lost  and  (3-cy  a  nohydro- 
cinnamic  acid  results.9 

C6H5CH-C(C02C2H5)2  - ►  C6H5CHCH2C02H 

These  results  accord  with  the  expectation  that  conjugation  of  the 
olefinic  linkage  with  a  second  carbonyl  group  intensifies  the  electron 
shortage  at  position  4.  A  similar  example  is  the  combination  of  hydro¬ 
gen  cyanide  with  ethyl  a-cyanocinnamate  to  produce  ethyl  a, /3-dicyan o- 
/3-phenylpropionate  (OS  I,  451). 

C6H5CH=CC02C2H5  +  HCN  - ►  C6H5CHCHC02C2H5 

CN  CNCN 

The  formation  of  mesitonic  acid  from  mesityl  oxide  is  an  interesting 
illustration  of  conjugate  addition.  The  acid  is  produced  by  boiling  the 
ketone  with  aqueous  potassium  cyanide,  the  nitrile  formed  initially 

being  hydrolyzed.10 

rur  CH^x  CH3x 

3  C=CHCOCH3 - >  CCH2COCH3 - >  CCH2COCH3 

CIV  CH3/cn  CH3  co2h 

The  last  three  examples  actually  do  not  involve  hydrogen  cyanide, 
the  reaction  media  being  alkaline,  and  are  more  accurately  described  as 

addition  of  cyanides. 


The  Grignard  Reagent 

The  addition  of  Grignard  reagents  to  conjugated  systems  has  been 
studied  extensively  and  is  especially  interesting  because  of  its  speed  an 
irreversibility.  It  may  be  stated  at  once  that  both  1,2  and  conjuga  c 


s  Dykstra,  U.  S.  Patent  2,188,340. 

9  Thiele,  Ann.,  306,  87  (1899). 

10  Lapworth,  J.  Chem.  Soc.,  86,  1214  (1904). 
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addition  occur,  often  simultaneously.  Conjugate  addition  may  be 
illustrated  by  the  condensation  of  benzalacetophenone  with  phenylmag- 
nesium  bromide. 

C6H5CH=CHCOC6H5  +  C6H5MgBr  - > 

/OH 


(c6h5)2chch=c/ 


OMgBr  h2o 


xC6H5 


(C6H5)2CHCH=C 


xc6h5 

(C6H5)2CHCH2COC6H5 

Stable  enols  have  likewise  been  prepared  in  this  way;  1,2-dimesityl- 
buten-l-ol  (I)  is  an  example. 

CH3CH0  OMgl 


CH2  O 

MesC - CMes  T  CH3MgI 


4  MesC- 


1  ~  H20 

=CMes  - > 


CH3CH2  OH 
MesC=CMes  4 


H2 


Pt 


CH3CH  O 
MesC - CMes 

I  II 

This  enol  has  been  made  also  by  hydrogenation  of  the  corresponding 
a,/3-unsaturated  ketone  (II).11 

Whether  addition  occurs  in  the  1,2  or  the  conjugate  fashion  is  deter¬ 
mined  by  the  substituents.  a,|d-Unsaturated  aldehydes  nearly  always 
react  in  the  1,2  manner,  the  only  exceptions  so  far  reported  being  the 
conjugate  addition  of  certain  Grignard  reagents,  among  them  the  £-butyl, 
to  crotonaldehyde.12  The  proof  of  structure  for  the  saturated  aldehyde 
from  the  f-butyl  Grignard  reagent  is  as  follows. 


CH' 


CH, 


(CH3)3CCHCH2CHO  (CH3)3CCHCHoC02H  - ¥ 

solution 

CH3  Ch3 

(CH3)3CCHCHBrC02CH3  — '’NlC~1Ti>%  (CH3)3CC=CHC02CH3  — > 

(CH3)3CCOCH3  ~T  OCHCO2CH3 

The  yields  of  such  conjugate  addition  compounds  are  as  high  as  20%. 

This  result  is  particularly  surprising  in  view  of  the  fact  that  acrolein, 

which  has  no  substituent  in  the  4  position,  fails  to  yield  any  conjugate 
addition  product.13 

(1944)US°n’  R°Wland>  Southwick>  Sperati,  /.  Am.  Chem.  Soc.,  66,  1873 

12  Stevens,  /.  Am.  Chem.  Soc.,  57,  1112  (1935). 

13  Wohl  and  Losanitsch,  Ber.,  41,  3621  (1908). 
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The  influence  of  substituents  is  shown  by  the  data  in  the  accompany- 
ing  table,  which  gives  the  amount  of  conjugate  addition  for  a  number 
of  reactions,  the  remainder  of  the  product  in  each  case  being  that  pro- 
cluced  by  1,2  addition.14 

A  primary  factor  in  determining  whether  the  hydrocarbon  radical 
'w  ill  attack  position  2  or  position  4  is  the  size  and  complexity  of  the  group 
attached  to  the  carbonyl  carbon  atom.  When  a  hydrogen  atom  is  at¬ 
tached  at  this  point,  as  has  been  seen,  the  4  position  is  almost  never 
occupied.  If  methyl,  ethyl,  isopropyl,  and  /-butyl  radicals  are  succes¬ 
sively  introduced,  the  amount  of  1,2  addition  decreases,  presumably 
because  the  carbonyl  carbon  atom  is  increasingly  screened  from  attack. 
Addition  is  also  predominantly  conjugate  when  a  phenyl  group  is  in¬ 
serted  as  in  benzalacetophenone. 

Reaction  of  Grignard  Reagents  with  o;,/3-Unsaturated  Carbonyl  Compounds 


Conjugate  addition  (%) 


Carbonyl  compounds 

CeHsMgBr 

i 

C2H5MgBr 

0 

c6h5ch=chch 

0 

0 

0 

c6h5ch=chAch3 

12 

60 

0 

C6H5CH=CHicH2CH3 

40 

71 

O 

C6H5CH=CH&CH(CH3)2 

88 

100 

0 

C6H5CH=CHCC(CH3)3 

100 

100 

0 

C6H5CH=Ch£c6H5 

94 

99 

0 

(c6h6)2c=chAc6h5 

0 

18 

0 

C6H5CH=CCC6H5 

100 

100 

c6h5 

o 

CsTIsOCHCColb 

dlHs 

44 

41 

14  Kohler,  Am.  Chem.  J.,  38,  511  (1907). 
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One  generalization  that  emerges  from  these  data  is  that,  in  most 
condensations  in  which  both  1,2  and  conjugate  addition  occur,  the  rela¬ 
tive  quantity  of  conjugate  addition  product  is  larger  with  alkyl  than 
with  aryl  Grignard  reagents. 

Methylmagnesium  iodide  combines  with  ethyl  cinnamate  to  yield  the 
1,2  addition  product.15  However,  as  might  be  expected,  this  reagent 
does  give  a  conjugate  addition  product  with  ethyl  benzalmalonate. 

C6H5CH=C(C02C2H5)2  — >  C6H5CHCH(C02C2H5)2 

ch3 

A  very  interesting  example  is  afforded  by  methyl  cinnamate  and 
phenylmagnesium  bromide,  which  yield  methyl  /3,/3-diphenylpropionate 
and  a  small  amount  of  benzohydrylacetophenone.  The  formation  of 
the  ketone  can  be  explained  by  assuming  that  1,2  addition  occurs  and  is 
followed  by  conjugate  addition.15 

A  mesityl  group  in  the  2  position  inhibits  1,2  addition  with  nearly  all 
reagents.  Methylmagnesium  iodide  does  attack  the  2  position,  how¬ 
ever,  in  certain  aryl  mesityl  ketones.17  More  remarkable  is  the  1,2  addi¬ 
tion  to  acetomesitylene  of  benzylmagnesium  chloride  and  butenyl- 
magnesium  bromide.18 

Hindrance  at  the  4  position,  however,  does  not  appear  to  prevent 
conjugate  addition.  Even  mesitylmagnesium  bromide  can  be  added  in 
this  manner  to  mesitalacetomesitylene,  mesitalacetophenone,  and  ethyl 
2,4,6-trimethylcinnamate.  Acetylenic  ketones  likewise  undergo  conju¬ 
gate  addition.  Thus,  mesitoylphenylacetylene  reacts  in  this  way  with 
phenylmagnesium  bromide.19 

Grignard  reagents  react  rapidly  with  nitro  compounds  to  yield  a 
complex  mixture  of  products.  It  is  for  this  reason  that  aldehydes,  ke¬ 
tones,  esters,  and  similar  compounds  which  contain  a  nitro  group  can¬ 
not  ordinarily  be  condensed  in  a  useful  way  with  Grignard  reagents.  An 
exception  is  noted  with  certain  a,/3-unsaturated  nitro  compounds. 

Nitrostilbene,  for  example,  yields  a  conjugate  addition  product  with 
phenylmagnesium  bromide.20 

15  Kohler  and  Heritage,  Am.  Chem.  J .,  33,  21  (1905). 

16  Kohler,  Am.  Chem.  J.,  34,  132  (1905). 

17  Fuson,  McKusick,  and  Mills,  ,/.  Org.  Chem.,  11,  60  (1946). 

18  5oung  and  Roberts,  J.  Am.  Chem.  Soc.,  66,  2131  (1944). 

19  Fuson  and  Meek,  J.  Org.  Chem.,  10,  551  (1945). 

20  Kohler  and  Stone,  J.  Am.  Chem.  Soc.,  62,  761  (1930). 
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C6H5CH=CN02  +  C6H5MgBr 


C6H5 


C6H5x  h+  C6H5\ 

CH-C=N OOMgBr  ►  CHCHN02 

C6H5/  H2O  c6h/ 


c6h5 


The  completely  phenylated  ketone,  diphenylbenzalacetophenone> 
reacts  with  the  Grignard  reagent  only  under  “forced”  conditions.  The 
reaction  with  phenylmagnesium  bromide  has  been  shown  to  be  of  the 
conjugate  type  and  to  involve  one  of  the  benzene  rings.21 


H  C6H< 

\/ _ 


(C6H5)2C=CCOC6H5 

CeH5 


(C6H5)2C=C — o 


C6H5  OMgBr 


Other  examples  of  nucleophilic  attack  of  aromatic  rings  by  Grignard 
reagents  were  mentioned  earlier  (p.  311). 

Lithium  compounds  appear  to  react  differently  from  the  correspond¬ 
ing  Grignard  reagents.  As  an  example,  benzalacetophenone  reacts  with 
phenyllithium  chiefly  in  the  1,2  manner,  whereas  phenylmagnesium 
bromide  condenses  entirely  in  the  conjugate  manner. 

An  interesting  theory,  put  forward  to  account  for  the  relative  ease 
with  which  Grignard  reagents  lend  themselves  to  conjugate  addition, 
postulates  the  formation  of  a  quasi  six-membered  ring  by  coordination 
of  the  magnesium  atom  with  the  carbonyl  carbon  atom. 


0 

RCH=CH-CR  +  RMgX 


7X 

Mg 

R  V0 


4 


RCH  CR 

^  / 

CH 


The  difference  between  the  magnesium  and  lithium  reagents  wou  d  t  en 
be  explained  because  it  is  known  that  lithium  does  not  possess  the  power 
of  coordination  exhibited  by  magnesium. 


Hydrogen 

The  addition  of  hydrogen  to  the  olefinic  linkage  of  a 0-unsaturated 
carbonyl  compounds  may  be  effected  catalytically,  in  which  process  the 
olefinic  bond  behaves  very  much  as  it  does  when  in  an  isolated  position. 

®  Kohler  and  Nygaard,  J.  Am.  Chem.  5oc.  52,  4128  (»)• 

22  Lutz  and  Revcley,  /.  Am.  Chem.  Soc.,  , 
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However,  it  can  also  be  hydrogenated  by  chemical  reagents  that  are 
incapable  of  attacking  simple  olefins.  Metal-acid  combinations,  i.e., 
the  typical  carbonyl  reagents,  are  in  this  group. 

Although  the  mechanism  of  such  reductions  is  not  known,  it  seems 
probable  that  the  metal  functions  by  ceding  an  electron,  the  resulting 
product  being  a  free  radical. 

R2C=0  +  M  •  - >  R2C-OM 

If  the  carbonyl  group  is  conjugated  with  an  olefinic  bond,  a  free  radical 
forms  for  which  two  different  structures  may  be  written. 

R  R 

RCH=CHC-OM  i — »  RCH-CH-C-OM 

•  • 

I  II 

If  it  is  imagined  that  a  second  atom  of  the  metal  reacts  with  the  free 
radical  as  structure  I  and  the  product  is  treated  with  water,  the  carbinol 
would  be  the  expected  product. 

R  R 

RCH=CHC-OM  —4  RCH=CHCHOH 

I 

M 

On  the  other  hand,  if  the  second  atom  of  the  metal  reacts  with  the 
free  radical  of  structure  II,  the  product  of  hydrolysis  would  be  the 
saturated  carbonyl  compound. 

R  R 

I  HoO  l 

RCHCH=C-OM  — >  RCH2CH=COH  - >  RCH2CH2COR 

M 

The  free  radical  may  undergo  coupling  also,  yielding  either  a  pinacol, 

corresponding  to  structure  I,  or  a  dicarbonyl  compound,  corresponding  to 
structure  II. 

R  ^  R 

2RCH=CHC-OM  _ ►  RCH=CHCOM  U£)  RCH=CHCOH 

RCH=CHOOM  RCH=CHCOH 

R  R 

R  ^ 

2RCHCH=COM  _ ►  RCHCHCOM  H2O  RCHCH2COR 

RCHCH=COM  RCHCH2COR 

R 


II 
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In  practice  all  three  types  of  reduction  are  observed,  aluminum  amalgam 
being  one  of  the  best  reagents  for  bringing  about  bimolecular  reduction. 

This  general  idea  of  the  course  which  these  reactions  follow  is  sup¬ 
ported  by  the  observation  that  electrolytic  methods,  in  which  the  elec¬ 
trons  are  furnished  by  the  cathode,  bring  about  similar  results.  Elec¬ 
trolytic  reduction  may  be  employed  to  convert  a,|3-unsaturated  acids 
to  the  corresponding  saturated  acids  and  is  especially  successful  with 
/3-aryl  acrylic  acids.  Examples  are  the  preparation  of  /3-phenylpropionic 
acid  (OS  I,  311;  90%  yield)  and  /3-furylpropionic  acid  (OS  I,  313;  70% 
yield)  from  the  corresponding  a,/3-unsaturated  acids. 

C6H5CH=CHC02Na  - >  C6H5CH2CH2C02Na 


CH - CH 

ii  ii 

CH  CCH=CHC02Na 


CH - CH 

CH  CCH2CH2C02Na 

\  / 

O 


The  compound  to  be  reduced  is  placed  in  the  catholyte. 

a, /3-Un saturated  ketones  and  esters  when  subjected  to  electrolytic 
reduction  or  when  treated  with  a  metal  (M)  often  undeigo  bimolecular 
reduction  in  which  the  two  simple  molecules  are  joined  at  position  4. 
An  example  of  bimolecular  reduction  of  this  type  is  the  conversion  of 
methyl  cinnamate  to  methyl  /3,7-diphenyladipate. 


2C6H5CH=CHC02CH3 


Al(Hg)  c6h5chch2co2ch3 
*  c6h5chch2co2ch3 


The  bimolecular  reduction  of  ethyl  propylidenemalonate  with  alu¬ 
minum  amalgam,  followed  by  hydrolysis  and  decarboxylation,  yields 
/3,7-diethyladipic  acid.23 


2C2H5CH=C(C02C2H5)2  - > 

C2H5CHCH (C02C2H5)2  c2h5chch2co2h 

C2H5CHCH  (C02c2h5)2  c2h5chch2co2h 


A  remarkable  reductive  coupling  occurs  when  pyridine,  which  may 
be  regarded  as  the  nitrogen  analog  of  an  «,/3-unsaturated  aldehyde,  is 
treated  with  zinc  in  acetic  anhydride;  the  product  the  diacetyl  dews 
tive  (I),  is  entirely  analogous  to  the  1,6-dicarbonyl  compounds  formed 
by  bimolecular  reduction  of  unsaturated  ketones  (OS  2/,  38). 

»  Koelsch  and  Stratton,  J.  Am.  Chem.  Soc.,  66,  18S1  (1944). 
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CH=CH 


CH=CH 


CH=CH-CH=N  2H  CH-CH=CH-NH  (ch3C0)20 

- ►  I  - ► 

CH=CH-CH=N  CH-CH=CN-NH 


CH=CH 


CH=CH 


CH=CH 


CH-CH=CH-NCOCH3 


heat 


CH-CH=CH-NCOCH3 

\  / 

CH=CH 

I 


-C5H5N 


■>  CHgCOCH 


NCOCH3 


V=/ 


11 


ch3ch2< 


N 


The  diacetate  of  the  bimolecular  product  undergoes  a  curious  change 
when  heated,  yielding  pyridine  and  a  new  diacetyl  compound  (II).  The 
monomolecular  diacetyl  compound  can  be  reduced  to  4-ethylpyridine 
by  zinc  and  acetic  acid  (OS  27,  38).  The  over-all  yield  of  4-ethylpyri¬ 
dine,  based  on  the  pyridine  taken,  is  38%. 


Oxidation 

Most  oxidizing  agents  cleave  a,/?-unsaturated  aldehydes  at  the  olefinic 
linkage,  thus,  cinnamaldehyde  yields  benzoic  acid.  Cinnamic  acid  is 
produced,  however,  by  atmospheric  oxygen  or  silver  oxide.  Similarly, 
benzalacetophenone  is  normally  oxidized  to  benzoic  acid. 

A  very  interesting  effect  of  conjugation  (resonance  stabilization)  in  the 
behavior  of  an  olefinic  linkage  is  its  virtual  loss  of  capacity  to  react  with 
per  acids  to  yield  the  corresponding  epoxy  compound  (p.  230).  Thus, 
such  compounds  as  benzalacetophenone  rarely  react  with  perbenzoic 
acid;  on  the  other  hand,  they  rapidly  yield  oxido  compounds  when 
treated  with  alkaline  hydrogen  peroxide,  a  reagent  which  does  not  attack 
isolated  double  bonds.  The  epoxidation  of  mesityl  oxide  is  illustra- 


CH 

r  *)C=CHC0CH3  +  H202 

On3/ 


ch3x  /X 

QJJ  yP~  ^  HCOCH3  +  H20 


24  Bunion  and  Minkoff,  J.  Chem.  Soc.,  665  (1949). 
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Active  Methylene  Compounds.  The  Michael  Condensation 

Like  other  typical  carbonyl  reagents,  active  methylene  compounds 
such  as  ethyl  malonate  may  combine  with  a,/3-unsaturated  carbonyl 
compounds  in  the  conjugate  manner.  An  example  is  the  addition  of 
ethyl  malonate  to  benzalacetophenone. 

C6H5CH=CHCOC6H5  +  CH2(C02C2H5)2  - >  C6H5CHCH2COC6H5 

CH(C02C2H5)2 

This  type  of  reaction  is  known  from  its  discoverer  as  the  Michael  con¬ 
densation.  Many  unsaturated  ketones,  esters,  nitriles,  and  similar 
substances  have  been  condensed  in  the  1,4  or  Michael  manner  with  a 
wide  variety  of  active  hydrogen  compounds.  The  unsaturated  com¬ 
pound  is  known  as  the  acceptor,  the  active  hydrogen  compound  as  the 
addendum,  and  the  product  as  the  adduct.  Thus  in  the  above  example 
ethyl  malonate  is  the  addendum  and  benzalacetophenone  the  acceptor. 

Among  the  most  useful  catalysts  for  the  Michael  condensation  are 
amines  such  as  piperidine.  Undesired  reactions  leading  to  ring  closure, 
rearrangement,  or  the  formation  of  trimolecular  products  can  generally 
be  avoided  by  recourse  to  such  catalysts.  Unfortunately  such  catalysts 
often  fail  to  bring  about  reaction,  and  even  in  favorable  cases  the  reac¬ 
tion  is  slow.  It  is  then  necessary  to  use  a  sodium  alkoxide.  One-sixth 
to  one-third  of  an  equivalent  of  sodium  ethoxide  is  generally  employed. 
It  must  be  borne  in  mind  that  condensations  of  this  type,  like  the  aldol 
condensation,  are  reversible.  This  is  the  chief  reason  for  limiting  the 
amount  of  catalyst)  too  much  catalyst  may  induce  reversal  of  the 

reaction. 

Unsaturated  esters  are  particularly  useful  in  Michael  condensations, 
an  example  being  the  addition  of  ethyl  malonate  to  ethyl  cinnamate. 

c6h5ch=chco2c2h5  +  CH2(C02C2H5)2  — >  c6h5chch2co2c2h5 

CH(C02C2H5)2 

A  similar  reaction  occurs  when  cinnamonitrile  is  employed.26 

C6H5CH=CHCN  +  CH2(C02C2H5)2  - ►  C8H5CHCH2CN 

CH(C02C2H5)2 

The  synthesis  of  tricarballylic  acid  from  ethyl  fumarate  and  ethyl 
malonate  (OS  I,  272,  523)  involves  a  conjugate  addition. 

26  Ingoltl  and  Powell, ./.  Chem.  Soc.,  119,  1976  (1921). 

26  Koelsch,  J.  Am.  Chem.  Soc.,  65,  2459  (1943). 
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C2H502CCH=CHC02C2H5 


NaOC2H5 


CH2(C02C2H5)2 


CH(C02C2Hs)2 

4  chco2c2h5 
ch2co2c2h5 


Acetylenic  esters  enter  into  the  Michael  condensation  readily.  Ex¬ 
amples  are  ethyl  phenylpropiolate,  ethyl  acetylenedicarboxylate,  ethyl 
tetrolate,  and  ethyl  propiolate.27 

rc=cco2c2h5  +  CH2(C02C2H5)2  — >  rc=chco2c2h5 

CH(C02C2Hs)2 

Ethyl  methylmalonate,  although  it  has  but  one  active  hydrogen  atom, 
may  nevertheless  act  as  the  addendum. 

CH3CH=CHC02C2H5  +  CH3CH(C02C2H5)2  - ► 

CH3CHCH2C02C2H5 

CH3C(C02C2H5)2 


CH3C=CC02C2H5  +  CH3CH(C02C2H5)2  - ►  ch3c=chco2c2h5 

CH3C(C02C2H5)2 


Primary  and  secondary  nitro  compounds  also  function  as  addenda. 
Triethylamine  has  been  found  to  be  a  suitable  catalyst  for  this  type  of 
condensation.  An  example  is  the  reaction  between  methyl  acrylate  and 
nitroethane.28 


CH2— CHC02CH3  -p  C2H5N02  ►  CH2CH2C02CH3 

CH3CHN02 


Condensation  of  primary  nitro  compounds  with  two  molecules  of  an 
a,/3-unsaturated  ester  furnishes  a  general  method  of  preparing  esters  of 
7-aminopimelic  acids.  Nitromethane,  for  example,  can  be  condensed 
with  ethyl  crotonate,  and  the  resulting  nitro  ester  combined  with  ethyl 
acrylate  to  yield  ethyl  d-methyl-Y-nitropimelate.29 


ch3no2  +  ch3ch=chco2c2h5 


ch3chch2co2c2h5  +  ch2=chco2c2h5 

CH.NOs 


ch3chch2co2c2h5 

chno2 

ch2ch2co2c2h5 

27  Farmer,  Ghosal,  and  Kon,  J.  Chem.  Soc .,  1804  (1936). 

28  Kloetzel,  J.  Am.  Chem.  Soc.,  70,  3571  (1948). 

29  Leonard  and  Felley,  J.  Am.  Chem.  Soc.,  71,  1758  (1949). 
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The  condensation  of  ethyl  a,/3-dibromopropionate  with  ethyl  malonate 
to  yield  ethyl  1,1,2-cyclopropanetricarboxylate  might  be  supposed  to 
comprise  a  dehydrobromination  followed  by  a  Michael  condensation 
and,  finally,  ring  closure. 


co2c2h5  co2c2h5 

I  — IIBr  I 

CHBr  - ►  CBr 


CH2(C02C2H5)2 

- ). 


CH2Br 


11 

ch2 


CO2C2H5  chco2c2h5 

CHBr  - >  CH2-C (C02C2H5)2 

CH2CH(C02C2H5)2 


Michael  was  able  to  verify  this  hypothesis  by  making  the  cyclopropane 
derivative  from  ethyl  malonate  and  ethyl  a-bromoacrylate.  This  re¬ 
action  was  the  first  of  the  Michael  type  to  be  described.30 

It  is  possible  also  that,  in  the  condensation  of  ethyl  ,3-bromopropionate 
with  ethyl  acetoacetate  to  give  ethyl  a-acetoglutarate  (OS  II,  263),  a 
Michael  condensation  is  involved. 


CH3C0CHC02C2H5  +  BrCH2CH2C02C2H5  - ► 

CH3C0CHC02C2H5  +  Br“ 
CH2CH2CO2C2H5 


It  may  be  that  the  bromo  compound  is  converted  to  ethyl  acrylate  by 
loss  of  hydrogen  bromide  and  that  the  unsaturated  ester  then  condenses 
with  ethyl  acetoacetate  in  the  Michael  manner. 

CH3C0CH2C02C2H5  +  ch2=chco2c2h5  - > 

ch3cochco2c2h5 

ch2ch2co2c2h5 


It  is  to  be  noted  that,  in  the  formation  of  a,/3-unsaturated  carbonyl 
compounds  by  the  aldol  type  of  condensation,  the  Michael  reaction  may 
follow  Usually,  it  can  be  avoided  except  with  aldehydes.  I  he  con¬ 
densation  of  ethyl  malonate  with  formaldehyde,  for  example,  does  not 
stop  at  the  first  or  aldol  stage  (OS  I,  290).  It  appears  to  involve  1,2 
addition,  loss  of  water,  and  finally  conjugate  addition;  the  product  is 
ethyl  1 , 1 ,3,3-propanetetracarboxylate. 

»  Michael,  Am.  Chem.  9,  112  (1887);  J.  watt.  Chem.,  35,  132  (1887);  36,  349 
(1887). 
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H9C— O  +  CH2 


CO2C2H5 


n'C02C2H5 
/COiCJl', 


/CO2C2H5  _h2o 

h2c-ch  - ► 

vco2c2h5 


CH,=C  +  CH2(C02C2H5)2 

'COoCoIlf, 


/CH(C02C2H5)2 

ch2 

''CH(C02C2H5)2 


Acetaldehyde  combines  with  ethyl  acetoacetate  in  a  similar  way  (OS 
27,  24). 

CH3CHO  +  2CH3C0CH2C02C2H3  — ■ — — >  ch3cochco2c2h3 

CHgCH 

ch3cochco2c2h3 

The  use  of  methone  in  the  characterization  of  aldehydes  depends  on  a 
condensation  of  this  type. 


CH2  /GHz 

(ch3)2c/  xco  RCHO^  (CH3)2C  CO 

CH2  ch2 

xco 


Methone 


■> 


ch2  c=chr 

xco 


C^2 

(CH3)2C  CO 


CH2  CHfCHR 
XCO  /  2 


A  Michael  condensation  occurs  as  a  side  reaction  in  the  preparation 
of  benzalacetophenone  from  benzaldehyde  and  acetophenone.  At  tem¬ 
peratures  below  30°  benzalacetophenone — the  result  of  1,2  addition — is 
the  principal  product.  At  higher  temperatures  conjugate  addition  of 
acetophenone  to  benzalacetophenone  occurs. 


C6H5COCH2x 

c6h5ch=chcoc6h5  +  c6h5coch3  — ►  chc6h5 

C6H5COCIV 

It  is  to  be  noted  that  in  this  example  the  addendum  is  a  simple  ketone. 

Another  example  of  a  Michael  condensation  with  an  unsaturated 
ketone  is  found  in  the  synthesis  of  methone  from  malonic  ester  and 

mesityl  oxide,  which  involves  also  subsequent  ring  closure  and  decar¬ 
boxylation  (OS  II,  200). 
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CH 


CH 


3\ 


3\ 


CH/ 


C=CHCOCH3  +  CH2(C02C2H5); 


cch2coch3 
CH3/chco2c2h5 


ch2 

ch3  /  \ 

>C  CO 

ch3  I  I 

C2H502CCH  CHo 

\  / 

CO 


co2c2h5 

ch2 

ch3  /  \ 

>C  CO 

►  CH3  I  I 

ch2  ch2 

\  / 

CO 


Many  dihydroresorcinols  have  been  made  in  a  similar  way,  the  starting 
materials  being  an  a,j3-unsaturated  ketone  and  ethyl  malonate.  When 
cyclohexylideneacetone  is  the  starting  material,  the  final  product  is  the 
spiran  (I). 

0 


CH2(C02C2H5)2 

>=CHCOCH3  — - — 


o 


A  synthesis  of  anthracene  from  2-naphthoic  acid  depends  on  the 
conjugate  addition  of  acetoacetic  ester  to  an  «,/3-unsaturated  ester,  the 
closure  step  consisting  of  an  intramolecular  Claisen  reaction. 


NaHg 


CHo 

\n_ 


C-COoH  c2H5OH 


-> 


,CH 


H2S04 


ch2 

/\/  \ 


CH2 
CC02C2H5 


NaOC2H5 


-> 


V\  /CH 


CH3COCH2CO2C2H5 


CH- 


CO 


CH2 

^CH  NOC2Hs 


CHz  CHCOCH3 

co2c2h5 


f'TT  CO 

/\/  ^CH  CH2 


V\  /CH  CO 

CH2  chco2c2h5 


ketone 

- > 

cleavage 
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CH, 


v\  / 

ch2 


CH 


'pit 

^  n2  zinc  dust 

• - > 

CO 


heat 


CH, 


Intramolecular  condensations  of  the  Michael  type  are  also  known. 
Examples  are  the  cyclization  of  ethyl  o-carbetho'xymethoxycinnamates 
to  the  corresponding  2-carboxycoumaran-3-acetic  acid  derivatives.31 


R 


R  R 
I  I 

-c=cco2c2h5 


VV 

R  u 


ch2co2c2h5 


R 


R  R 

— chco2c2h6 
co2c2h5 


Unlike  many  intermolecular  Michael  condensations,  this  reaction  is  not 
inhibited  by  alkyl  substituents  on  the  a-  and  /3-carbon  atoms,  and  ap¬ 
pears  to  go  substantially  to  completion. 

Cyclopentadiene,  which  illustrates  another  type  of  active  hydrogen 
compound,  reacts  with  benzal-p-bromoacetophenone  according  to  the 
following  equation.32  qjj 

/  \ 

/ - v  CH  CH 

Br<f  >CH=CHCOC6H5  +  ||  ||  - ► 

x=/  CH - CH 


Br< 


>-CHCH2COC6H5 

CH 


CH  CH 


CH - CH 

2-Vinylpyridine,  which  has  a  nuclear  azomethine  group  conjugated 
with  an  olefinic  side  chain,  has  been  found  to  undergo  the  Michael  reac¬ 
tion  with  ethyl  malonate.33 


/V 


\  // 

N 


ch=ch2 


+  CH2(C02C2H5)2 


\  // 

N 


CH2CH2CH(C02C2H5)2 


31  Koelsch,  J.  Am.  Chem.  Soc.,  67,  569  (1945). 

32  Taylor  and  Connor,  J.  Org.  Chem.,  6,  696  (1941). 

33  Docring  and  Weil,  J.  Am.  Chem.  Soc.,  69,  2461  (1947). 
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Unsaturated  aldehydes  generally  react  in  the  1,2  manner,  as  might  be 
expected.  Cinnamaldehyde  and  ethyl  malonate,  for  example,  form 
ethyl  cinnamalmalonate. 

C6H5CH=CHCHO  +  CH2(C02C2H5)2  - > 

C6H5CH=CHCH=C(C02C2H5)2  +  H20 

The  Michael  reaction  has  been  observed,  however,  with  such  alde¬ 
hydes.  Ceitain  acylamidomalonates  have  been  added  in  this  fashion  to 
acrolein.  From  ethyl  acetamidomalonate,  for  example,  7-acetamido- 
7,7-dicarbethoxybutyraldehyde  is  produced.34 


CH2=CHCHO  +  CH3CONHCH 


C02C2H5 


xco2c2h5 


co2c2h5 

ch3conhcch2ch2cho 

co2c2h5 


A  curious  reaction  involving  a  Michael  condensation  occurs  when 
desoxybenzoin  is  heated  at  150°  in  a  closed  tube  with  ethanolic  alkali; 
the  products  are  benzylphenylcarbinol  and  a  lactone.  Other  alcohols 
lead  to  analogous  products.  The  structure  of  the  lactones  or  “carbo- 
benzonic  acids,”  as  they  were  called  for  a  long  time,  was  not  established 
until  nearly  fifty  years  after  their  discovery.35  It  was  found  that  cro- 
tonaldehyde  can  be  condensed  with  desoxybenzoin  to  give  a  keto  alde¬ 
hyde  which,  under  the  influence  of  alkali,  forms  such  a  lactone.  The 
mechanism  of  the  original  reaction  is  therefore  as  follows. 


OH 

CH3CH2OH  +  C6H5COCH2C6H5 - >  CH3CHO  +  C6H5CHCH2C6H5 

2CH3CHO  — ►  ch3ch=chcho  +  h2o 


ch3ch=chcho  -f  C6H5CH2COC6H5 


c6h5chcoc6h5 

ch3chch2cho 


C6H5CHCHC6H5  +  CeHsCH-CHCgHs 
OH  — >  CH3CH  O 

CH3CHCH2C02Na  CH2— CO 

A  very  unusual  reaction  which  resembles  the  Michael  takes  place 
when  dibiphenyleneethylene  is  treated  with  fluorene  in  the  presence  of 
an  alkaline  catalyst,  the  condensation  being  reversible.36 

34  Moe  and  Warner,  J.  Am.  Chem.  Soc.,  70,  2763  (1948). 

35  Meerwein,  J.  prakt.  Chem.  (2),  97,  257  (1918). 

3«  Pinck  and  Hilbert,  J.  Am.  Chem.  Soc.,  68,  2014  (1946). 


C  Y  AN  OETH  YL  ATION 


491 


Cyanoethylation  (OR  5,  79).  Active  methylene  compounds  undergo 
cyanoethylation  when  treated  with  acrylonitrile  in  the  presence  of  a 
strong  base,  notably  aqueous  trimethylbenzylammonium  hydroxide 
(“Triton  B”).  The  reaction  normally  proceeds  until  all  active  hydrogen 
atoms  are  replaced.  Fluorene,  for  example,  readily  yields  a  dicyanoethyl 
derivative.37 


/\ _ /\ 


/\ _ /\ 


+  2CH2=CHCN 


V\A/ 

NCCH2CH2  CH2CH2CN 


1-Tetralone  behaves  similarly.38 

O 

11 

aA 

I  +  2CH2=CHCN 

W 


o 


w 


(CH2CH2CN)2 


Nitromethane,  having  three  active  hydrogen  atoms,  gives  rise  to  a 
tricyanoethyl  derivative.39 


CH3N02  +  3CH2=CHCN  - >  (NCCH2CH2)3CN02 

2-Acetothienone  likewise  yields  a  tricyanoethyl  derivative.40 
CH - CH  CH - CH 


CH  CCOCH3 

\/ 

S 


CH  CCOC(CH2CH2CN)3 


Active  hydrogen  compounds  of  all  types  undergo  cyanoethylation. 
Indeed  this  reaction  is  one  of  the  most  searching  tests  known  for  active 
hydrogen  on  carbon.  An  extreme  example  is  chloroform,  which  is  not 

37  Bruson,  J.  Am.  Chem.  Soc.,  64,  2457  (1942). 

38  Bruson  and  Riener,  J.  Am.  Chem.  Soc.,  64,  2850  (1942). 

39  F*ruson  and  Riener,  J.  Am.  Chem.  Soc.,  65,  23  (1943). 

40  Bruson  and  Riener,  J.  Am.  Chem.  Soc.,  70,  214  (1948). 
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ordinarily  considered  among  active  hydrogen  compounds.  However,  it 
is  capable  of  undergoing  aldol  condensation  (p.  441)  and,  as  was  to  be 
expected,  can  be  cyanoethylated.41 

HCC13  +  CH2=CHCN  - >  C13CCH2CH2CN 

Ethyl  acetosuccinate  (p.  419)  undergoes  cyanoethylation,  thus  afford¬ 
ing  a  convenient  route  to  1,2,4-butanetricarboxylic  acid.42 

O  O  CH2CH2CN  ch2ch2co2h 

ch3cchco2c2h5  — >  ch3c-cco2c2h5  — >  chco2h 

ch2co2c2h5  ch2co2c2h5  ch2co2h 


Crossed  Conjugated  Systems 

Three  or  more  conjugated  multiple  linkages  that  are  not  arranged  in 
a  linear  manner  form  what  is  known  as  a  crossed  conjugated  system. 
Important  examples  already  cited  are  ethyl  benzalmalonate  and  ethyl 
a-cyanocinnamate  (p.  476). 

OC2H5  oc2h5 

.6=0  /C=0 

c6h5ch=c  c6h5ch=c 

nC=o  non 

oc2h5 


A  group  of  compounds  containing  a  crossed  conjugated  system  of  a 
different  type  is  formed  by  the  divinyl  ketones,  of  which  dibenzalacetone 

is  an  example.  _ 

C6H5CH=CHv 

C=0 

c6h5ch=ch/ 

The  addition  of  the  Grignard  reagent  to  dibenzalacetone  occurs  readily, 
but  only  one  mole  can  be  induced  to  react;  only  after  decomposition  of 

the  addition  product  can  the  second  mole  be  added.43 

The  Michael  condensation  takes  place  with  dibenzalacetone  and 
similar  pentadienones  with  active  methylene  compounds  in  the  presence 
of  sodium  methoxide.  Ethyl  malonate,  for  example  combines  with  di¬ 
benzalacetone  to  yield  each  of  the  three  possible  products. 

.1  Bruson,  Niederhauser  Riener,  and  67'  601  (1945)' 

“  Tawney  and  Prill,  J.  Am.  Chem.  Soc  70  2828  (1. 1 PS). 

«  Kohler,  Am.  Chem.  J.,  37,  30!)  (1007);  3  *  <  n<m) 

«  Kohler  and  Dewey,  J.  Am.  Chem.  Soc.,  46,  1207  (192  ). 
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CH  (C02C2H5)2 


CH(C02C2H5)2 


c6h5chch2N 


C6H5CHCH2x 


CO 


CO 


c6h5chch2 


/ 


CeHsCH^CH/ 


CH(C02C2H5)2 


C6H5CHCH2n 
(C2H502C)2C<  CO 

c6h5chch/ 


Phenylacetonitrile  behaves  in  a  similar  way.45 

C6H5CH=CHCOCH=:CHC6H5  +  C6H5CH2CN 


c6h5ch  chc6h5 

\  / 
c 

/  \ 

c6h5  cn 


Long  Conjugated  Systems 

Long  conjugated  systems  terminated  by  a  carbonyl  or  similar  group 
may  undergo  addition  involving  points  more  distant  than  the  4  position. 
Cinnamalacetophenone  reacts  with  ethyl  malonate  and  Grignard  re¬ 
agents  to  yield  derivatives  corresponding  to  conjugate  addition  involving 
the  4  position  (Gilman  I,  698). 


C6H5CH=CHCH=CHCOC6H5  - ►  C6H5CH=CHCHCH2COC6H5 

CH(C02C2H5)2 

Methyl  malonate  attacks  the  6  position  in  certain  cases,  however. 
An  example  is  methyl  sorbate.46  ^ 

CH3CHCH=CHCH2C02CH3 

CH3CH=dH-CH=CHC02CH3 - ►  CH(C02CH3)2  (72/o) 

CH3CH=CHCHCH2C02CH3 

CH(C02CH3)2  (8%) 

Cinnamalmalonic  esters  combine  with  two  moles  of  ethyl  malonate.47 

45  ITelmkamp,  Tanghe,  and  Plati,  J.  Am.  Chem.  Soc.,  62,  3215  (1940) 

46  Farmer  and  Mehta,  J.  Chem.  Soc.,  1610  (1930). 

47  Meerwein,  Ann.,  360,  323  (1908). 
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C6H5CH=CHCH=C(C02C2H5)2  - 1 

C6H5CHCH=CHCH  (C02C2H5)2 
CH(C02C2H5)2 

C6H5CHCH2CH-C(C02C2H5)2 

CH(C02C2H5)2 


CH(C02C2H5)2 


C6H5CHCH2CHCH(C02C2H5)2 

CH(C02C2H5)2 

Reactions  entirely  analogous  to  cyanoethylation  are  observed  with 
1-cyano-l, 3-butadiene,  a  vinylog  of  acrylonitrile.  Thus  2-nitropropane 
reacts  with  one  mole  of  the  diene.48 

ch3  ch3 

ch3ch  +  ch2=chch=chcn - ►  ch3cch2ch-chch2cn 

no2  no2 

Ethyl  malonate  in  a  similar  way  combines  with  two  moles  of  the  diene.49 


co2c2h5 

CHo 


+  2CH2=CHCH=CHCN 


co2c2h5 

C(CH2CH=CHCH2CN)2 


co2c2h5  C02C2H5 

Attack  of  the  Grignard  reagent  at  the  6  position  has  been  observed 
only  rarely.  Fuchsone,  naphthofuchsone,  and  methylenean throne  are 
known  to  undergo  this  type  of  addition.50  qh3 


c6h5cc6h5 


CH3MgI  HX 

- - y  - > 


O 

Fuchsone 

c6h5cc6h5 


c6h5cc6h5 

A 


V 

OH 


CTT 


o 


il 

O 


Naphthofuchsone  Methyleneanthrone 

48  Charlish,  Davies,  and  Rose,  J.  Chem.  Soc .,  227  (1948). 

49  Charlish  Davies,  and  Rose*,  J.  Chem.  Soc.}  232  (1948).  Q 

60  Baeyer  and  Villiger,  Ber.,  36,  2774  (1003);  Julian  and  Gist,  J.  Am.  Chem.  Soc., 

57,  2030  (1936). 
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The  most  satisfactory  of  the  many  syntheses  of  fuchsone  is  the 
following. 

c6h5coci  +  <3och3 
c6h5co/ 


C6H5MgBr  HX 

>och3 - — >  — 


pxx  0H 

t  6n5\  I 


c6h5/ 


I  X/ 

C— <f 


SOC12 

>och3 - ► 


PH  C1 


CfjH.57 

Cp.H 


c-<Z>0CH3 


180-200' 


■> 


5\ 


c6H5/ 


c=< 


>=o  +  ch3ci 


Fuchsone  is  brownish  yellow  and  melts  at  167-168°. 

In  long  conjugated  systems  terminated  by  carbonyl  groups  conjugate 
addition  of  hydrogen  may  involve  the  ends  of  the  system.  Thus  1,2- 
dibenzoylethylene  yields  a  dienol,  evidence  for  its  existence  being  that 
the  corresponding  furan  is  formed  under  conditions  which  leave  the 
saturated  diketone  unchanged. 


0  0  OH  OH 

c6h5c-ch=ch-cc6h5  —4  c6h5c=ch-ch=cc6h5 


CH - CH 


c6h5c  cc6h5 

\  / 
o 


A  highly  hindered  analog  containing  mesityl  groups  has  been  found  to 
yield  a  stable  diol.51 

O  O  OH  OH 

MesCC=CHCH=CCMes  —4  MesC=C-CH=CH-C=CMes 

I  I  || 

Mes  Mes  Mes  Mes 

Quinones.  Quinones  are  cyclic  unsaturated  diketones  so  constituted 
that  addition  of  hydrogen  to  the  terminal  oxygen  atoms  produces  di¬ 
hydroxy  derivatives,  hydroquinones,  that  are  fully  aromatized.  This 
process  is  reversible,  permitting  measurement  of  the  reduction  potential, 
which  is  an  index  to  the  tendency  of  the  quinone  to  revert  to  an  aromatic 
molecule.  The  aromatization  process  liberates  less  energy  if  one  or 
both  of  the  ethylemc  bonds  is  already  part  of  an  aromatic  nucleus.  In 
other  words,  the  stability  of  a  quinone  is  increased  (potential  decreased) 
61  Fuson,  Byers,  and  Rachlin,  J.  Am.  Chem.  Soc 64,  2891  (1942). 
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when  the  unsaturation  is  decreased  (Gilman  I,  159).  The  following 
quinones  illustrate  this  effect. 


0.794  0.576  0.460 


0 

O 

O 

A 

aAa 

Y 

W 

A/yX 

0 

0 

O 

0.715 

0.484 

0.154 

The  influence  of  substituents  on  the  reduction  potential  of  a  quinone 
may  be  predicted  qualitatively  by  consideration  of  its  electron-attract¬ 
ing  power.  Substituents  that  cede  electrons,  i.e.,  ortho, para- directing 
groups  (excepting  the  halogens),  lessen  the  receptivity  of  the  quinone 
to  external  electrons,  making  the  formation  of  the  hydroquinone  less. 

easy. 


The  hydroquinone  itself  is  produced  by  a  secondary  reaction  between 
the  hydroquinone  ion  and  the  hydrogen  ion,  a  process  which  is  affected 

by  the  pH  of  the  medium.  ...  ,  ™ 

As  would  be  expected,  mela-directing  substituents  such  as  CN, 

COoH  N02,  and  COR  have  the  opposite  effect,  making  the  correspond¬ 
ing  hydroquinone  less  easy  to  oxidize.  The  halogen  atoms,  since  ey 
tend  to  withdraw  electrons,  fall  in  this  category  also.  When  quinone  is 
treated  with  hydrochloric  acid,  the  product  is  the  corresponding  chloro 

hydroquinone. 
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O 


OH 

/V 


OH 


+  HC1 


/H 

XJl 


Cl 


o 


o 


OH 


On  the  other  hand,  quinone  reacts  with  aniline  to  yield  2,5-dianilino- 
quinone.  The  initial  addition  product  rearranges  to  the  corresponding 
hydroquinone,  which  in  turn  is  oxidized  by  unchanged  quinone. 

O  OH  0H  0 


/H 

<nhc6h5 


nhc6h5 


nhc6h5 


6  6  0H  o 

A  repetition  of  this  series  of  reactions  yields  the  dianilino  derivative, 
the  over-all  change  being  represented  by  the  following  equation. 

OH 

/\ 

+  2 


0 


O 


+  2C6H5NH2 


c6h5nh 


nhc6h5 


V 

OH 


o  o 

Aromatic  hydrocarbons  combine  with  quinones  in  the  presence  of 
aluminum  chloride;  benzene,  for  example,  yields  2,5-diphenylhydro- 
quinone.52 


O 


+  2C6H6 


O 


OH 

OH 

A1C13  CeH5 

- y 

+ 

A 

CgH5 

OH 

OH 

Hydrogen  cyanide  also  adds  in  the  conjugate  manner.  The  second 
cyano  group,  however,  appears  in  the  3  rather  than  the  5  position.  The 
preference  for  the  3  position  is  evidently  due  to  the  influence  of  the 
cyano  group  already  present;  addition  occurs  more  readily  to  the 
crossed  conjugated  system 

C=C 

NX) 

52  Shildneck  and  Adams,  J.  Am.  Chem.  Soc.,  63,  2373  (1931). 
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than  to  the  simpler  systems  present  in  the  molecule.  2,3-Dicyanohydro- 
quinone  is  made  in  66%  yield  by  this  method.63 


+  HCN 


O 


O 


OH 


+ 

CN 

O 


OH 


This  synthesis  appears  to  be  anomalous  in  one  respect.  The  mono- 
cyano  hydroquinone,  presumed  to  be  an  intermediate,  cannot  be 
isolated  as  would  be  expected  if  the  cyano  group  stabilizes  the  hydro¬ 
quinone  toward  oxidation. 

Nitromethane,  malonic  ester,  and  similar  compounds  also  add  to 
quinones,  but  the  product  usually  is  a  complex  mixture.  The  prepara¬ 
tion  of  2,5-dihydroxy-p-benzenediacetic  acid  from  benzoquinone  and 
ethyl  cyanoacetate,  however,  affords  35%  yields  (OS  26,  24). 


O 


OH 

1  'CN 


O 


/CN  NH4oh  Ach 

+  2CH2  - ►  NC\ 

NC02C2H5 

c2h5o2c  i 

OH 

OH  n\r 

/Wc 


OH 

/-- 

xco2c2h5  + 


V 

OH 


NCX 

CHk  ^ 

C2H.-j02C/  oh 


^GOoCoII,  +  6H20  +  2HC1 


H02CCH2 


OH 

/\ch2co2h 

OH 


+  2C2H5OH  +  2NH4C1  +  2C02 


53 


Allen  and  Wilson,  J.  Am.  Chem.  Soc.,  63,  175G  (1941). 
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Grignard  reagents  also  lead  to  mixtures.  The  highly  hindered  duro- 
quinone  gives  both  1 ,2  and  conjugate  addition  products,  but  the  yie  s 
are  low  Naphthacenequinone  reacts  with  certain  Grignard  reagents  in 
the  conjugate  manner,  double  bonds  of  an  adjacent  ring  being  involved. 


O 


OH  C6Hs 


Quinone  ethylene  linkages  that  are  not  part  of  an  aromatic  nucleus 
may  be  compared  to  that  of  maleic  anhydride  in  degree  and  type 
of  reactivity.  The  condensation  of  benzoquinone  with  isoprene  men¬ 
tioned  earlier  (p.  61)  illustrates  a  general  reaction  of  quinones  and 
dienes.  1,4-Naphthoquinone  has  been  employed  to  make  derivatives  in 
connection  with  the  identification  of  dienes.54 


O  CHR 


AA  \h 


O  CHR 


O  CHR 


Epoxidation  of  quinones  can  be  effected  by  the  alkaline  hydrogen 
peroxide  reagent  (p.  483).  Thus  2-methyl- 1,4-naphthoquinone  affords 
the  epoxide  in  an  89%  yield.55 


O 

ii 

^\A 


CH, 


h2o2 


Na2C03 


o 


o 


'CHc 

s 

O 

H 


O 


Conjugate  Activation 

Among  the  most  remarkable  of  the  peculiarities  of  unsaturated  car- 
bony  1  compounds  and  similarly  constituted  substances  is  the  activation 
oi  hydrogen  atoms  in  positions  remote  from  the  activating  group.  This 

64  Diels  and  Alder,  Ber.f  62,  2337  (1929). 

“  Fieser'  Caml,bel1'  Fry-  “d  Gates,  J.  Am.  Chem.  Soc.,  61,  3219  (1939). 
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phenomenon  is  illustrated  by  the  condensation  of  crotonaldehyde  with 
benzaldehyde. 


c6h5cho  +  ch3ch=chcho  — —4  C6H5CH=CHCH=CHCHO 


Such  effects  are  correlated  by  the  principle  of  vinylogy,  which  refers  to 
the  observation  that  one  functional  group  may  influence  another  to 
which  it  is  joined  directly  or  through  a  chain  of  one  or  more  vinylene 
links.  Thus  in  crotonaldehyde  the  methyl  group  is  activated  by  the 
aldehyde  group  much  as  in  acetaldehyde,  of  which  it  is  said  to  be  a 
vinylog  (CR  16,  1). 

The  transmission  of  activating  influences  through  a  conjugated  chain, 
formulated  empirically  by  the  principle  of  vinylogy,  is  a  necessary  con¬ 
sequence  of  the  factors  promoting  conjugate  addition.  The  activation 
of  the  methyl  group  in  acetaldehyde,  for  example,  is  associated  with  the 
electron  deficit  of  the  carbon  atom  to  which  it  is  attached.  The  methyl 
groups  in  crotonaldehyde  and  sorbaldehyde  show  a  similar  activity,  since 
the  carbon  atoms  to  which  they  are  joined  are  likewise  electron  poor. 

Esters  exhibit  the  same  phenomenon.  Ethyl  crotonate  and  ethyl 
sorbate,  for  example,  undergo  condensation  with  ethyl  oxalate  to  give 
ethoxalyl  derivatives. 


KOC2H5 

co2c2h5  +  ch3-ch=ch-co2c2h5 - ► 


co2c2h5 


ch2-ch=ch-co2c2h5  +  C2H5OH 

coco2c2h5 


KOC2H5 

co2c2h5  +  CH3-CH=CH-CH=CH-C02C2H5 - > 

I 

C02C2H5  CH2-CH=CH-CH=CH-C02C2H5  +  C2H5OH 

coco2c2h5 


These  reactions  further  illustrate  the  principle  of  vinylogy,  ethyl  cro¬ 
tonate  and  ethyl  sorbate  being  vinylogs  of  ethyl  acetate. 

Another  interesting  illustration  is  found  in  the  glutacomc  esters 
which  are  to  be  regarded  as  vinylogous  with  malomc  esters. 


C2H502C-CH2C02C2H5  Ethyl  malonate 

C2H502C-CH=CH-CH2C02C2H5  Ethyl  glutaconate 
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The  methylene  group  in  ethyl  glutaconate  is  similar  to  that  in  ethyl 
malonate.  For  example,  sodium  ethoxide  and  methyl  iodide  bring 
about  methylation. 


CH2CO2C2H5 

CH  +  CH3I 

chco2c2h5 


NaOC2H5 

- > 


ch3chco2c2h5 

CH 

chco2c2h5 


A  second  methyl  group  can  also  be  introduced,  but  it  becomes  attached 
to  a  different  carbon  atom.  The  enolate  is  a  resonance  hybrid  of  the 
two  structures  a  and  6;  the  methylation  corresponds  to  structure  b. 


ch3cco2c2h5 

CH 

chco2c2h5 

a 


ch3cco2c2h5 

II 

CH 

hcco2c2h5 

b 


CH3I 

- ► 

NaOC2H5 


ch3cco2c2h5 

II 

CH 

ch3chco2c2h5 


The  mobility  of  the  three-carbon  system  makes  it  impossible  to  isolate 
cis  and  trans  forms  of  the  glutaconic  esters.  Glutaconic  anhydride  ap¬ 
pears  to  exist  in  the  enol  form. 

/CH2-CO  /CH=C-OH 

CH  >0  ;=z±  CH  >0 
%CH— CO  ^CH-CO 


A  method  for  preparing  polyunsaturated  nitriles  depends  on  the 
activation  of  methyl  groups  through  vinylene  linkages.  Cinnamalde- 
hyde  and  the  condensation  product  from  crotonaldehyde  and  cyano- 
acetic  ester  react  in  a  boiling  acetic  acid  solution,  containing  acetamide 
and  ammonium  acetate.  The  product  is  a  cyanoacetic  ester  which  can 
be  changed  to  a  polyunsaturated  nitrile.56 

C6H5CH=CHCHO  +  CH3CH=CHCH=C-CN  — ► 

co2c2h5 

CgH5CH=CH-CH=CH-CH=CH-CH=C-CN  - 1  C6H5(CH=CH)4CN 

co2c2h5 

The  condensation  of  TNT,  a  vinylog  of  nitromethane,  with  benzalde- 
hyde  illustrates  the  fact  that  vinylene  linkages  that  are  present  in  aro¬ 
matic  rings  likewise  are  capable  of  relaying  activating  influences. 

66  Wittig  and  Hartmann,  Ber.,  72B,  1387  (1939). 
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N02 

no<3ch3  +  C6H5CHO 

"  no2 


piperidine 

alcohol  or 
benzene 


no2 

no2^  ^>ch=chc6h5  +  h2o 
N  no2 


An  throne  has  an  active  methylene  group  which  is  joined  to  the  ketone 
group  by  two  vinylene  linkages  of  the  benzenoid  type.  Evidently  the 
activating  effect  of  the  carbonyl  group  is  transmitted  to  a  greater  degree 
in  this  case  than  in  such  compounds  as  o-methylbenzophenone  in  which 
only  one  vinylene  group  joins  the  methyl  and  carbonyl  groups. 


CO 

A/  \/\ 


V\  /  V 

ch2 

Anthrone 


coc6h5 


Ay 


V\ 

ch3 

o-Methylbenzophenone 


Anthrone,  made  by  the  action  of  tin  and  hydrochloric  acid  on  anthra- 
quinone  (OS  I,  60)  or  by  cyclization  of  o-benzylbenzoic  acid  with  hydro¬ 
gen  fluoride,  occupies  an  interesting  position  among  ketones.57 


ch2/  S 

ch2 

sy  x — 7 

jy  y\ 

} V 

co2h 

CO 

It  is  a  typical  active  methylene  compound,  being  capable  of  giving  the 
reactions  of  both  the  keto  and  enol  forms.  The  latter  is  called  anthranol 
and  can  be  obtained  from  anthrone  by  the  action  of  alkali  followed  by 
precipitation  with  acid.  Undoubtedly  in  solution  these  forms  are  in 
tautomeric  equilibrium.  OH 


CO 

/\/  \/\ 


V\  A/ 

ch2 

Anthrone 


I 

c 


\/x 


V\  /  V 

CH 

Anthranol 


67  Fieser  and  Hershberg,  J.  Am.  Chem.  Soc.,  61,  1272  (1939). 


CONJUGATE  ACTIVATION 


503 


With  aldehydes  and  ketones  anthrone  gives  derivatives  of  the  follow¬ 
ing  type.  CO 


V\  A/ 

c 

II 

CHR 

Ring  closures  which  consist  of  conjugate  addition  of  an  active  methyl¬ 
ene  component  to  an  a,/3-unsaturated  carbonyl  compound  or  its  equiva¬ 
lent,  i.e.,  a  Michael  reaction,  have  already  been  mentioned  (p.  489). 
The  formation  of  isophorone  from  phorone  is  another  example. 


CH3x  ?  yCR3 
C-CHCCH-C 

nCH3 


ch3c 


CH 


CIL/ 


C=0 

ch2 


Phorone 


ch2 

\  / 
c 

/  \ 

ch3  ch3 

Isophorone 


The  Elbs  reaction,  useful  in  the  preparation  of  certain  polynuclear 
aromatic  hydrocarbons,  is  exemplified  by  the  conversion  of  o-methyl- 
benzophenone  to  anthracene  (OR  1,  129). 


CO 

\/\ 


h2o 


v\  v 

ch3 

This  reaction,  a  cyclodehydration,  occurs  with  diaryl  ketones  having 
a  methyl  or  methylene  group  ortho  to  the  ketone  group.  In  other  words 
the  methyl  or  methylene  group  that  takes  part  in  the  intramolecular 
condensation  derives  its  activity  from  a  distant  carbonyl  group.  Since 
t  e  reaction  is  a  high-temperature  pyrolysis,  it  usually  affords  very  low 
yields  frequently  only  a  few  per  cent.  It  has  played  an  important  role 
owever,  in  connection  with  the  synthesis  of  certain  of  the  more  com’ 

V S  rrc  h>;dr?carbons  such  ^  1,2,5,6-dibenzanthracene  and  meth- 
}  lcholan threne,  hydrocarbons  that  are  known  to  be  cancer  producing  or 

sirs  .’srs ot  ihe- iw<>  »'» »» u,  k 


504 


CONJUGATE  ADDITION 


1,2,5,6-Dibenzanthracene  is  made  rather  easily  from  2-naphthoyl- 
chloride  and  2-methylnaphthalene.  The  ketone  produced  by  the  Friedel- 
Crafts  condensation  is  pyrolyzed  to  the  desired  hydrocarbon  in  yields  as 


high  as  32%. 

^iCOCl 

Ar  + 

At 

CHa1^ 

/\ 


^/C0\/V 


Clh'^ 


-II2o 


4 


V 


The  synthesis  of  methylcholanthrene  involves  first  the  chloromethyla- 
tion  of  p-bromotoluene  and  subsequent  transformation  of  the  chloro- 
methyl  derivatives  into  the  corresponding  arylpropionic  acids.  These 
are  cyclized  by  the  Friedel-Crafts  method,  and  the  resulting  ketones  are 
reduced  by  the  Clemmensen  procedure  to  the  desired  hydrindene.  It 
will  be  noticed  that  the  two  isomeric  chloromethyl  compounds  yield  the 
same  bromohydrindene.58 


CH3 


A/ 

Br 


CH3 

/NcH2C1 


a/ 

Br 


CH3 


A/ 

Br 


CH2C1 


ch3 

/Nch2ch2co2h 


A/ 

Br 


CH3 


A/ 

Br 


CH2CH2C02H 


as  Fiescr  and  Seligman,  J.  Am.  Chem.  Soc.,  67,  942  (1935). 
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CH3 


CHS 


CHj 


Br 

ch3 

/\/ 


CO 


CO 


CH5 


Br 


CH; 


CH3 


CH, 


CHs 


Br 


CIL 


The  bromohydrindene  is  converted  to  the  Grignard  reagent,  and  the 
latter  condensed  with  1-naphthoyl  chloride. 

/\ 


MgBr  CIOC  '  ' 


A/CW 


ch3W\ 


+ 


ch2 

I 

CH2-CH2 


V 


CH3V\chV 


-h20 

- > 


CH2-CH2 


aaA/ 


ch3 


CTI2-CH2 

t  he  lesulting  ketone  is  pyrolyzed  to  methylcholanthrene  in  about  45% 

yield.  It  is  interesting  to  note  that  in  both  these  examples  of  the  Elbs 

reaction  relatively  high  yields  are  obtained,  whereas  with  simple  arvl 

ketones  the  yields  are  always  low.  It  may  be  that  the  higher  boiling 

points  of  these  ketones  afford  more  favorable  conditions  for  the  pvrol- 

ysis.  In  the  first  example  the  ortho  position  involved  is  activated  and 

thi,  would  be  expected  to  favor  the  reaction.  An  interesting  feature 

a  ) out  the  second  synthesis  is  that  a  methylene  group  has  taken  the  place 
of  the  usual  methyl  group.  P  ace 

Ihe  mechanism  of  the  Elbs  reaction  is  unknown  That  it  hn«  «  f  1 

*»  «*  Mi.WI  ration  h„  r  °os„ Z " 

involve,  no  e.U„t  „]  „  only  „  -  “ 

t9  Fieser  and  Dietz,  Ber.,  62,  1827  (1929). 
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NITRO,  NITROSO,  AND  OXIMINO  COMPOUNDS 

The  present  chapter  deals  with  compounds  in  which  oxygen  is  joined 
directly  to  nitrogen.  The  most  important  organic  substances  in  this 
category  are  the  nitro  compounds.  Nitroso  compounds,  oximes,  hydrox- 
ylamines,  and  a  few  less  common  types  of  compounds  are  also  treated 
briefly.  The  discussion  is  limited  to  reactions  that  directly  involve  the 
nitrogen-containing  functional  group. 


Nitro  Compounds 


The  nitro  group  has  been  shown  to  be  symmetrical  and  is  represented 
by  the  following  structures. 


A 

R-Nf  * 

v 

vy 


*  R-N 


/U/ 


That  the  group  is  symmetrical  about  the  R-N  axis  is  shown  by  the  fact 
that  p-dinitrobenzene  has  a  dipole  moment  of  zero. 

The  chemical  behavior  of  nitro  compounds  varies  greatly,  depending 
on  whether  they  possess  a-hydrogen  atoms  or  are  tertiary.  Primal y 
and  secondary  nitro  compounds  are  capable  of  undergoing  numerous 
reactions  characteristic  of  active  methylene  compounds  (p.  413).  When 
treated  with  alkalies,  they  form  salts. 

RCH2N02  +  NaOH  - >  RCH=N02Na  +  H20 

These  salts  resemble  Schiff  bases  and  oximes  in  having  a  nitrogen 
atom  doubly  bonded  to  a  carbon  atom  and  undergo  hydrolysis  inaarni- 
lar  manner  When  the  salts  are  added  to  strong  sulfuric  acid,  aldehydes 
or  ketones  are  formed.  Thus  nitroethane  yields  acetaldehyde. 


2CH3CH=N02Na  +  2H2S04 


2CH2CHO  +  N20  +  2NaHS04  +  H20 


In  a  similar  way, 
2-nitropropane. 


acetone  can  be  made  from  the  commercially  available 
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CH3\ 

2  C=N02Na  +  2H2SO4 

L3/ 


CH/ 


2CH3COCH3  +  N20  +  2NaHS04  +  H20 


It  seems  unlikely  that  this  method  can  compete  with  present  industrial 
processes  for  the  manufacture  of  acetone,  methyl  ethyl  ketone,  and  other 
ketones  readily  available  from  other  sources. 

Primary  nitroparaffins  undergo  hydrolysis  when  heated  with  strong 
mineral  acids,  the  products  being  hydroxylamine  and  an  organic  acid. 
It  seems  probable  that  the  corresponding  hydroxamic  acids  are  formed 
as  intermediates.  1-Nitropropane  with  sulfuric  acid  yields  hydroxyl¬ 
amine  sulfate  and  propionic  acid,  for  example. 


CH3CH2CH2N02  +  H20  +  H2S04  - ► 

CH3CH2C02H  +  H2N0HH2S04 

This  method  is  a  commercial  source  of  hydroxylamine  (AR  37,  208). 

Reduction  of  primary  and  secondary  nitroparaffins  with  stannous 
chloride  produces  oximes,  as  is  illustrated  by  the  behavior  of  1-nitro- 
propane. 

CH3CH2CH2N02  - ►  CH3CH2CH=NOH 


Reduction  of  Aromatic  Nitro  Compounds.  Aromatic  nitro  compounds 
yield  primary  amines  when  reduced  catalytically  or  by  procedures  in¬ 
volving  acid  media.  Iron  and  hydrochloric  acid,  for  example,  serve  to 
reduce  2,4-dinitrotoluene  to  2,4-diaminotoluene  (OS  II,  160;  74% 
yield).  An  example  of  more  than  common  interest  is  the  reduction  of 
ra-nitrobenzaldehyde  to  ra-aminobenzaldehyde  by  the  action  of  stan¬ 
nous  chloride  in  hydrochloric  acid  (OS  25,  55;  56%  yield). 


CHO 

A 


SnCl2 

IIC1 


CHO 

A 

VNH2 


Sulfides  in  alkaline  media  likewise  are  capable  of  reducing  nitro  com- 

pounds  to  amines.  An  example  is  the  reduction  of  p-nitrophenylacetic 
acid  (OS  I,  52). 


NQ2<%>CH2C02H  +  3(NH4)2S  +  3H20  - 1 

^<3^^  +  3S  +  5NH4OH 
The  amino  acid  may  be  obtained  in  an  84%  yield. 
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Partial  reduction  of  dinitro  compounds  can  be  accomplished  by  this 
procedure  also.  2,4-Dinitrophenol,  for  example,  is  reduced  to  2-amino- 
4-niti  ophenol  by  treatment  with  a  mixture  of  sodium  sulfide  and  ammo¬ 
nium  chloride  (OS  25,  5;  61%  yield). 

OH 

^msto2 

+  3Na2S  +  6NH4C1  - > 


NO; 


OH 

A\nh. 


2H2O  -f~  6NH3  -f-  6NaCl  -f~  3S 


NO, 


In  a  similar  way,  2,4-dinitroaniline  may  be  reduced  to  1,2-diamino 
4-nitrobenzene  (OS  21,  20;  58%  yield). 


NH2 


N°2  NH4OH 

+  3H2S  - > 


nh2 

^\nh, 


-f-  2H20  d-  3S 


NO, 


NCt 


o-Aminobenzaldehyde  is  prepared  in  a  75%  yield  by  reducing  o-nitro- 
benzaldehyde  with  ferrous  sulfate  and  ammonia  (OS  28,  11). 


AviHO 


FeS04 


AbCHO 


V 


N02  NH4°H> 


NH. 


Zinc  dust  in  sodium  hydroxide  serves  to  convert  o-nitroaniline  to 
o-phenylenediamine  in  an  85%  yield  (OS  II,  501). 

/\no,  Anh, 


V 


NH; 


NH. 


An  example  of  the  catalytic  method  is  the  reduction  of  2-nitro- 
p-cymene  to  2-amino-p-cymene  (OS  22,  9);  the  yield  is  90%. 

Zinc  and  ammonium  chloride  reduce  nitro  compounds  to  the  corre¬ 
sponding  /3-arylhydroxylamines.  /S-Phenylhydroxylamine  can  be  made 
by  this  procedure  in  yields  of  about  68%,  (OS  I,  445;  25,  80). 
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CgH5N02  c6h6nhoh 

The  first  established  product  of  reduction  of  a  nitro  compound  is  the 
nitroso  compound.  In  acid  media  the  nitroso  compound  is  rapidly  re¬ 
duced  to  the  amine,  the  hydroxylamine  being  an  intermediate.  If  the 
reduction  is  effected  in  an  alkaline  medium,  however,  the  nitroso  com¬ 
pound  reacts  with  the  hydroxylamine  to  yield  the  azoxy  derivative. 

ArNO  +  ArNHOH  - ►  ArN=NAr 

O 


Thus  arsenious  oxide  and  sodium  hydroxide  convert  nitrobenzene  to 
azoxy  benzene  (OS  II,  57;  85%  yield). 

4CgH5N02  +  3As203  +  ISNaOH  - ► 

2CGH5N=NCGH5  -j-  6Na3As04  -j-  9H20 

O 


Reduction  with  zinc  in  sodium  hydroxide  converts  nitrobenzene  to 
azobenzene  (OS  22,  28;  86%  yield). 


2CGH5N02  +  4Zn  +  8NaOH - ►  CGH5N=NCGH5T-4Na2Zn02-b4H20 


Reduction  of  the  azoxy  compound  yields  the  hydrazo  derivative,  which 
may  be  oxidized  by  the  nitro  compound  to  the  azo  compound.  The 
( hanges  that  occui  in  alkaline  media  are  shown  in  the  accompanying 
chart,  nitrobenzene  being  taken  as  the  example. 


C6H5N02  - >  C6H5NO  - >  CgH5NHOH 

C6H5NHOH  |  C6H5NO 

C6H5NHNHCcH5  i -  CgH5N=NCgH5 

I C6II5N02  0 


CGH5N=NCGH5 

Aromatic  nitro  compounds  can  be  reduced  to  azo  or  azoxy  compounds 
by  the  action  of  ethanolamine,  diethanolamine,  or  triethanolamine.1  It 
has  been  suggested  that  acetaldehyde  is  an  intermediate. 

HOCH2CH2NH2  - >  NH3  +  CH3CHO 

Aromatic  Nitro  Compounds  as  Explosives.  An  explosive  is  a  material 
euher  a  pure  single  substance  or  a  mixture  of  substances,  which  t’ 

1  Kremer  and  Kress,  J.  Am.  Chem.  Soc.,  60,  1031  (1938). 
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capable  of  producing  an  explosion  by  its  own  energy.  Explosives  are 
classified  as  propellants  or  low  explosives,  primary  explosives,  and  high 
explosives.  Piopellants  function  by  burning  j  black  powder  and  smoke¬ 
less  powder  are  examples.  Primary  or  initiator  explosives  detonate 
when  heated  or  subjected  to  shock.  Examples  are  mercury  fulminate, 
lead  azide,  lead  picrate,  lead  styphnate,  and  copper  acetylide.  High 
explosives  detonate  under  the  influence  of  the  shock  of  the  explosion  of 
a  suitable  primary  explosive.  They  do  not  function  by  burning. 

Most  of  the  aromatic  polynitro  compounds  are  high  explosives.  It 
has  been  observed  that  TNB  is  more  powerful  than  TNT,  which  in 
turn  is  more  powerful  than  TNX.  Tetryl  is  more  powerful  and  more 
brisant  than  TNT  or  picric  acid  and  also  more  sensitive  to  shock. 

High  explosives  are  generally  loaded  by  pouring,  and  for  this  reason  it 
is  desirable  that  the  explosive  melt  between  70  and  100°.  TNT  is  ideal, 
since  it  melts  at  80.8°.  Picric  acid  melts  too  high  (122.5°)  and,  to  lower 
the  melting  point,  is  mixed  with  other  explosives.  Favorite  mixtures 
are  (1)  60  parts  picric  acid  and  40  parts  dinitrophenol,  (2)  60  parts 
trinitro-ra-cresol  and  40  parts  picric  acid. 

Reduction  of  Nitroamides.  Reduction  of  nitroamides  serves  to 
produce  hydrazides.  Nitrourea,  for  example,  can  be  reduced  by  zinc  in 
acid  solution  to  semicarbazide. 

/NH2  /NH2 

C=0  +  6(H)  - ►  C=0  +  2H20 

xNHN02  xNHNH2 

The  same  change  may  be  effected  electrolytically  (OS  I,  485). 

Nitroguanidine  has  been  reduced  to  aminoguanidine  in  various  ways 
(CR  25,  213).  The  product  may  be  obtained  in  a  64%  yield  by  treat¬ 
ment  of  the  nitro  compound  with  zinc  dust  and  glacial  acetic  acid,  the 
amine  being  isolated  as  the  carbonate  (OS  26,  /). 


Nitroso  Compounds 

Compounds  having  a  nitroso  group  attached  to  carbon  are  blue  or 
green  in  the  monomeric  state  and  show  a  tendency  to  dimerize,  the 
dimers  being  colorless.  The  nitrosochlorides  mentioned  earlier  (p.  54) 

are  illustrative.  .  . ,.  , 

Nitroso  compounds  may  be  reduced  to  primary  amines  or  oxidized 

to  nitro  compounds.  An  example  of  reduction  is  encountered  in  t  le 
preparation  of  imsi/m-dimethylhydrazine  by  treating  mtrosodimethyl- 
amine  with  zinc  and  acetic  acid  (OS  II,  211 ;  73%  yield). 

(CH3)2NNO  +  4(H)  - 1  (CH3)2NNH2  +  H20 


NITROSO  COMPOUNDS  0  J 

Similarly  a-methyl-a-phenylhydrazine  can  be  produced  from  N-nitro 
somethylaniline  (OS  II,  418;  56%  yield). 


C6H5x 

NNO 

CH/ 


CeHsx 

nnh2 

ch3x 


Oxidation  of  5-nitro-2-nitrosotoluene  with  a  mixture  of  sulfuric  acid 
and  potassium  dichromate  not  only  converts  the  side  chain  to  a  carboxyl 
group  but  also  changes  the  nitroso  group  to  a  nitro  group,  the  product 
being  2,5-dinitrobenzoic  acid  (OS  22,  44;  66%  yield). 


N02 


ch3 

^\no 


no2 


co2h 

-%NO 

V 


2 


Nitroso  compounds  in  which  the  functional  group  is  joined  to  a 
primary  or  secondary  carbon  atom  readily  rearrange  to  oximes. 

RCH2NO  - ►  RCH=NOH 

R2CHNO  - >  R2ONOH 


The  nitroso  group  is  very  reactive,  entering  into  many  reactions  that 
are  characteristic  of  aldehydes  and  ketones.  Hydroxylamine,  for  exam¬ 
ple,  converts  nitrosobenzene  to  benzenediazoic  acid. 


C6H5N=0  +  H2NOH 


C6H5N=NOH  +  H20 


Similarly,  aniline  and  nitrosobenzene  yield  azobenzene. 

C6H5N=0  +  H2NC6H5  - >  C6H5N=NC6H5  +  h2o 

p-Aminobenzoic  acid  behaves  in  an  analogous  fashion  to  give  p-phen- 
ylazobenzoic  acid  in  a  61%  yield  (OS  25,  86). 

c6h5n=o  +  h2n^)>co2h  — ►  c6h5n=n<^~\co2h+h2o 

The  analogy  between  nitrosobenzene  and  benzaldehyde  is  observed 
also  with  active  methylene  compounds,  which  are  converted  to  Schiff 
bases  by  the  nitroso  compound.  An  example  is  malonic  ester.2 

C6H5N=0  +  CH2(C02C2H5)2  - >  C6H5N=C(C02C2H5)2  +  H,0 

This  type  of  reaction  furnishes  an  indirect  method  of  converting 
active  methyl  and  methylene  compounds  to  the  corresponding  carbonvl 
compounds  This  method  is  illustrated  by  the  use  of  p-nitrosodimethyl 
arnhne  in  the  preparation  of  2,4,6-trinitrobenzaldehyde  from  TNT. 

2  Walker,  J .  Chan.  Soc.,  126,  1622  (1924). 
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^’^-Dinitrobenzaldehyde  (OS  II,  223)  is  made  by  a  similar  method. 
The  Schiff  base  is  produced  by  condensing  2,4-dinitrotoluene  with 
p-nitrosodimethylaniline  in  the  presence  of  sodium  carbonate.  Hydrol¬ 
ysis  of  the  base  in  the  presence  of  hydrochloric  acid  furnishes  the  alde¬ 
hyde  in  32%  yield. 

(CH3)2NC6H4NO  +  ch3<^  ^no2  — 

NOT 


(CH3)2NC6H4N=CH<^  ^no2  ^  no2^  ^cho 

NOT  UC1  "Tro, 


The  use  of  aromatic  nitroso  compounds  in  this  fashion  is  peculiarly 
suitable  for  the  synthesis  of  vicinal  triketones.  It  serves,  for  example, 
to  produce  2,3,4-pentanetrione.3 


CH3COx  CH3COx 

CH2  +  ONC6H4N(CH3)2  - ►  C=NC6H4N(CH3)2 

CHsCO7  CT^CO7 

|h20(HC1) 

CII3CO 

CO  +  H2NC6H4N(CH3)2 

CH3COx 


Nitroso  derivatives  of  amides  have  proved  particularly  useful  in  the 
synthesis  of  diazomethane.  Diazomethane  can  be  made  in  a  variety  of 
ways,  of  which  one  of  the  best  utilizes  nitrosomethylurea.4  Methyl- 
urea  is  prepared  from  methylamine  hydrochloride  and  urea  or  from 
methylamine  and  potassium  cyanate. 

H2NCONH2  +  CH3NH2  HC1  - ►  CH3NHCONH2  +  NH4C1 

CH3NH2*HC1  +  IvCNO  - >  CH3NHCONH2  +  KC1 

It  is  converted  to  the  nitroso  compound  by  the  action  of  nitrous  acid. 
Hydrolysis  of  the  nitroso  derivative  with  potassium  hydroxide  gives 
diazomethane  (OS  II,  165). 

CH3NHCONH2  +  HONO  - >  CH3N(NO)CONH2  +  H20 

CH3N(NO)CONH2  +  KOH  - >  CH2N2  +  KCNO  +  2H20 

The  older  method  involved  the  hydrolysis  of  nitrosomethylurethan 

(OS  26,  13). 

CH3N  (N0)C02C2H5  +  2KOH  - > 

ch2n2  +  k2co3  +  c2h5oh  +  h2o 


3  Sachs  and  Rohmer,  Ber .,  36,  3307  (1902). 

4  Arndt,  Loewe,  and  Arvan,  Ber.,  73B,  606  (1940). 
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Another  method  which  appears  to  be  very  promising  is  to  treat  methyl 
N-nitroso-/3-methylaminoisobutyl  ketone  with  sodium  isopropoxide 
(OS  25,  28). 

CH.\  ch3x 

CCH2COCH3  - >  OCHCOCH3  +  CH2N2  +  HoO 

CHa7 1  CH37 

CH3NNO 

This  method  can  be  used  to  transform  nearly  any  primary  aliphatic 
amine  into  the  corresponding  diazo  compound. 

Diazomethane  is  a  deep  yellow  gas  and  must  be  handled  with  extreme 
care.  It  is  very  toxic  and  is  explosive  in  the  gaseous  state.  Fortunately 
the  nitrosourea  method  permits  the  preparation  of  ether  solutions  which 
can  be  used  without  distillation. 


Oximes 


Oximes  are  weakly  acidic  substances  capable  of  undergoing  many  of 
the  reactions  of  hydroxyl  compounds  in  general.  They  are  readily 
acetylated  by  treatment  with  acid  chlorides  or  anhydrides.  Aldoximes, 
however,  may  undergo  dehydration  under  these  conditions  to  yield 
nitriles. 

RCH=NOH  - >  RCN  +  H20 

An  example  of  this  type  of  behavior  is  the  conversion  of  the  oxime 
of  veratraldehyde  to  veratronitrile  (OS  II,  622;  76%  yield). 


CH=NOH 

A 

V0CH3 

OCH3 


(CH3C0)20 

- > 


CN 

A 

V^och3 

och3 


+  h20 


Perhaps  the  most  interesting  feature  of  the  chemistry  of  oximes  is  the 
occurrence  of  stereochemical  isomers.  The  oximes  of  aldehydes  and 
unsymmetrical  ketones  exist  in  syn  and  anti  forms,  which  correspond  to 

1^17“  T1^'  Detormmation  of  the  configuration  of  aldoximes  has 
en  based  on  a  reaction  which  takes  place  when  certain  acetyl  deriva- 

r  rt  r  r  s 

b>drolysi,  to  oslm„  ,re  lhe  m  *c„h 
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The  configurations  of  oximes  of  ketones  usually  have  been  assigned 
on  the  basis  of  the  products  obtained  by  subjecting  them  to  the  action 
of  certain  acidic  reagents  such  as  phosphorus  pentachloride  in  ether;  an 
isomerization  known  as  the  Beckmann  rearrangement  occurs,  the  prod¬ 
uct  (amide)  from  the  syn  isomer  being  different  from  that  obtained  from 
the  anti  isomer. 

The  course  of  this  rearrangement  has  been  studied  with  great  care, 
and  it  is  now  believed  that  the  shift  of  groups  is  trans  rather  than  cis 
(CR  35,  335).  The  following  scheme  has  been  used  to  represent  the 
sequence  of  changes. 


•HON 


>  R'-C-OH 
ii 

RN 

»  HO-C-R 
ll 

NR' 


»  R'-C=0 

NHR 

4  R-C=0 

I 

NHR' 


The  rearrangement  is  useful  in  determining  the  structure  of  ketones. 
Hydrolysis  of  the  amide  produces  an  acid  and  an  amine ;  from  these  the 
structure  of  the  original  ketone  is  deduced. 

The  Beckmann  rearrangement  serves  as  a  synthetic  method  for 
amides,  as  illustrated  by  the  preparation  of  €-caprolactam  (OS  II,  76, 
371). 

/CHaCHax  /CHoCH^CO 

CH,  “  “  ONOH  - >  CH2  | 

N^CH/  XCH2CH2NH 


Catalytic  hydrogenation  of  oximes 
mary  amines. 

RoC-NOH  - > 


produces  the  corresponding  pri- 
R2CHNH2 


Secondary  amines  are  formed  also,  presumably  by  reduction  of  an  addi¬ 
tion  product  of  the  primary  amine  and  the  oxime. 

R2C=NOH  +  R2CHNH2  - >  R2C-NHOH - >  (R2CH)2NH 

r2chnh 


The  side  reaction  may  be  suppressed  by  conducting  the  hydrogenation 
in  the  presence  of  ammonia;  reduction  of  the  addition  product  of  am¬ 
monia  to  the  oxime  yields  the  desired  primary  amine. 


R2C=NOH 


/ 


NHOH 


RoC 


VNH< 


R2CHNH2 


NITRONES 


515 


The  formation  of  oximes  from  aldehydes  and  ketones  takes  place 
reversibly  (p.  374),  making  it  possible  to  regain  the  carbonyl  compound 
by  hydrolysis  of  the  oxime. 

A  useful  variant  of  this  reaction  is  to  convert  the  oxime  to  an  ether 
before  hydrolysis;  the  corresponding  O-alkylhydroxylamine  will  be 
formed.  An  example  is  the  synthesis  of  carboxymethoxylamine  from 
bromoacetic  acid  and  acetoxime  (OS  2^,  15). 


CH3\ 

NaOH  CH3x  t  TT 

C=NOH  +  BrCH2C02H 

- ►  C-N0CHoC02H  +  HBr 

O 

to 

\ 

1 

O 

K 

CO 

\ 

ch3x 

6 

W 

0 

c=noch,co2h  +  h2o 

- >  CO  +  HoNOCH  0CO2H 

CH/ 

ch3' 

Oximes  may  be  reduced  to  amines  by  metal  combinations  also,  as  is 
illustrated  by  the  conversion  of  a-heptaldoxime  to  n-heptylamine  by 
the  action  of  sodium  and  ethanol  (OS  II,  318;  73%  yield). 


Nitrones 


Oximes  undergo  alkylation  to  yield  O-alkyl  derivatives  or  ethers. 


R-C-R 

ii 

NOH 


(CH3)2S04 

- > 


R-C-R 

NOCH3 


Generally,  however,  an  isomeric  alkyl  derivative  is  obtained  also  in 
which  the  alkyl  group  is  joined  to  nitrogen. 


R-C-R 

11 

NOH 


(CH3)2S04 

- * 


R-C-R 

CH3N->0 


In  the  N-alkyl  derivatives  oxygen  is  joined  to  nitrogen  by  a  coordinate 
covalent  link.  Compounds  having  this  type  of  structure  are  called 
nitrones.  Nitrones  are  formed  also  by  the  interaction  of  aldehydes  and 
ketones  and  N-alkyl  hydroxylamines. 


R\ 

C=0  +  R'NHOH 

Rr 


R\  yO 

C=N  +  H20 
Rx  XR' 


Another  type  of  compound  in  which  the  NO  linkage  occurs  is  nro- 
c  uced  when  amines  are  oxidized  with  certain  reagents  such  as  hydrogen 
peroxide,  t  hese  substances  are  called  amine  oxides.  An  example  is  the 
0  gene,ated  by  action  of  perbenzoic  acid  on  dimethylaniUne 
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ch3 

C6H5N(CH3)2  +  [0]  - ►  C6H5N^O 

ch3 

This  structure  of  amine  oxides  is  supported  by  the  fact  that  when  the 
three  hydrocarbon  radicals  are  different  the  compound  exhibits  optical 
activity.5 

When  hydroxamic  acid  chlorides  are  treated  with  mild  alkalies, 
hydrogen  chloride  is  eliminated  and  nitrile  oxides  result. 

Cl 

RC=NOH  - >  RC=N->0  +  HC1 

These  compounds  likewise  have  the  N->0  linkage. 


Hydroxylamines 

/3-Phenylhydroxylamine  is  readily  oxidized  and  reduces  Fehling’s 
solution  and  Tollens’  reagent  in  the  cold,  the  primary  product  being 
nitrosobenzene  (OS  25,  80).  It  undergoes  autoxidation  when  exposed  to 
air.  In  neutral  solution  the  reaction  produces  chiefly  azoxybenzene, 
formed  by  interaction  of  the  hydroxylamine  and  nitrosobenzene.  Hy¬ 
drogen  peroxide  is  also  generated.  If  the  reaction  medium  is  alkaline, 
the  chief  products  are  nitrobenzene  and  azoxybenzene.  In  the  absence 
of  air  dismutation  to  aniline  and  nitrosobenzene  occurs,  the  products 
being  aniline  and  azoxybenzene. 

When  /3-phenylhydroxylamine  is  treated  with  dilute  sulfuric  acid,  it 
rearranges  to  p-aminophenol. 


NHOH 

A 

V 


nh2 

A 

V 


OH 


' |8-Arylhydroxylamines  react  with  nitrous  acid  to  yield  mtroso  deriva¬ 
tives  the  best  known  of  which  is  nitrosophenylhydroxylamine  (OS  I, 
177)  ’  The  ammonium  salt  of  this  compound,  known  as  cupferron,  is 
employed  in  analytical  chemistry  to  precipitate  certain  metal  ions  in 
acid  media.  It  was  used  first  for  copper  and  iron,  whence  its  name  was 

6  Meisenheimcr,  Ber.,  41,  3966  (1908). 


HYDROXYL  AMINES 


517 


derived,  and  later  proved  useful  for  other  metals  as  well, 
complexes  have  been  assigned  the  following  structuie. 


c6h5-n 

o 


\  / 
M 


The  metal 


CHAPTER  XXI 


AMINES  AND  AMINO  COMPOUNDS 

This  chapter  deals  with  reactions  of  amines  and  amides  which  involve 
the  nitrogen-containing  function  directly.  Alkylation  and  acylation 
were  discussed  in  Chapter  VI.  Compounds  in  which  the  amino  nitrogen 
atom  forms  part  of  an  aromatic  ring  are  treated  in  Chapter  XXIV. 


Basicity 


Alkyl,  acyl,  and  sulfonyl  derivatives  of  ammonia,  hydrazine,  and 
hydroxylamine  as  well  as  pyridine,  pyrrole,  and  other  heterocyclic 
types  are  characterized  by  the  fact  that  each  has  a  trivalent  nitrogen 
atom.  In  so  far  as  they  affect  this  atom  directly,  reactions  are  chiefly  of 
the  type  in  which  the  amino  compound  functions  as  a  nucleophilic 
agent,  i.e.,  salt  formation  or  displacement  of  other  atoms  or  groups. 
The  degree  of  reactivity,  in  turn,  is  a  measure  of  the  electron  density 
about  the  nitrogen  atom.  Electron  enrichment  is  brought  about  by 
electron-donating  groups.  Thus,  it  is  to  be  expected  that  alkyl  amines 
will  be  stronger  bases  than  ammonia  and  that  aryl,  acyl,  and  sulfonyl 
derivatives  will  be  more  weakly  basic.  Experimentally,  the  vaiious 
types  of  amino  compounds  arranged  according  to  decreasing  basicity 
fall  in  the  following  order. 

The  basicity  of  an  amino  group  is  lessened  by  attachment  of  radicals 
such  as  acyl  that  are  electron  attracting.  Aryl  radicals  exert  this  effect, 
aniline  being  far  less  basic  than  methylamine,  for  example. 


R2NH>  RNH2>  NH3  >  ArNH2  >  RCONH2  >  (RCO)2NH  >  RS02NH2 

Aryl  radicals  holding  ra-directing  groups  in  positions  ortho  or  para  to  the 
amino  group  are  particularly  effective,  in  extreme  cases  imparting  amide- 
like  properties  to  the  amine.  Picramide  owes  its  name  to  this  fact.  It 
may  be  pointed  out  that  o-  and  p-nitrobenzenes  are  vinylogs  ol  mtramide, 

H2As"th?amino  group  loses  basicity,  it  acquires  an  increased  facility  in 
salt  formation  with  metals.  All  amino  compounds  havmg  a  hydrogen 
atom  on  nitrogen  decompose  the  Gngnard  reagent  (p.  154),  forn  g 
magnesium  salts. 
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RMgX  +  R'NH2  - >  RH  +  R'NHMgX 

Active  metals  such  as  sodium  also  displace  the  hydrogen  atoms  of 
amines.  Aniline,  for  example,  forms  sodium  anilide  when  treated  with 
sodium  metal.  It  is  interesting,  however,  that  the  reaction  must  be 

catalyzed,  copper  being  most  effective. 

Phthalimide  reacts  rapidly  with  potassium  hydroxide  in  ethanolic 
solutions  to  yield  potassium  phthalimide  (OS  I,  119),  which  is  employed 
in  the  Gabriel  synthesis.  Succinimide  forms  salts  in  a  similar  manner. 
Primary  and  secondary  sulfonamides  are  still  more  acidic. 


Alkylation 


The  alkylation  of  ammonia  and  amines  by  the  action  of  halogen  com¬ 
pounds  has  already  been  discussed  (p.  118).  Other  alkylating  agents 
can,  of  course,  serve  the  same  purpose.  Primary  and  secondary  amides 
differ  from  amines  in  that  they  may  undergo  not  only  N-alkylation  but 
O-alkylation  as  well.  The  course  that  the  alkylation  takes  depends  not 
only  on  the  nature  of  the  two  reactants  but  also  on  the  experimental 
conditions. 

Diallylcyanamide,  for  example,  is  produced  by  the  action  of  allyl 
bromide  on  sodium  cyanamide  (OS  I,  203;  56%  yield). 

2CH2=CHCH2Br  +  Na2NCN  - ►  (CH2=CHCH2)2NCN  +  2NaBr 


Alkyl  sulfates  may  be  employed  in  place  of  the  halides.  An  example 
is  the  methylation  of  dibenzoylhydrazine  by  methyl  sulfate  (OS  II,  208)  ; 
the  product  is  formed  by  N-alkylation  (p.  207). 

C6H5CONHNHCOC6H5  +  2(CH3)2S04  +  2NaOH  - » 

C6H5CON - NCOC6H5  +  2CH3S04Na  +  2H20 

CH3  ch3 

On  the  other  hand,  when  e-caprolactam  is  heated  with  methyl  sulfate 
in  the  absence  of  alkali,  O-methylcaprolactim  is  obtained. 


(CH2) 


/v_>— U 

>XNH 


(CH3)2S04 


■>  (CH2) 


XN 


Gabriel  s  Synthesis.  Imides  are  particularly  easy  to  alleviate,  yielding 
derivatives  that  can  be  hydrolyzed  to  amines.  This  method,  developed 
by  Gabriel,  normally  involves  potassium  phthalimide  and  finds  extensive 
use  in  the  synthesis  of  amines.  When  the  alkylating  agent  is  -y-chloro- 

wy;r“4ry  sr"' — ly,ic 
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/CO\  —  KC1 

C6H4  NK  +  C1CH2CH2CH2CN  - 4 

xxy 

/C°\  H  O 

c0h4  nch2ch2ch2cn  — — >  h,nch2ch2ch2co,h 

N-CO/  H2S04 

Other  alkylating  agents  that  have  been  employed  are  ethylene  bromide 
(OS  I,  119),  ethyl  bromomalonate  (OS  I,  271),  and  benzyl  chloride 
(OS  II,  83). 

Reaction  with  Nitrous  Acid 

Primary,  secondary,  and  tertiary  amines  can  be  distinguished  by  the 
action  of  nitrous  acid.  Aliphatic  tertiary  amines  are  recovered  un¬ 
changed.  Aromatic  tertiary  amines  may,  however,  undergo  nitrosa- 
tion,  yielding  para  nitroso  compounds  (p.  300). 

The  reaction  of  amino  compounds  has  been  formulated  as  an  attack 
of  the  amino  group  by  the  positive  ion  NO+,  which  results  in  the  forma¬ 
tion  of  a  diazo  compound. 

RNH2  +  NO+  - RN=NOH  +  H+ 

In  the  presence  of  mineral  acids  the  diazo  compound  forms  a  resonating 
diazonium  ion. 

RN=NOH  +  H+  -—4  [RN=Ni]  +  i — ►  [RN=Ni]+ 


In  the  aromatic  series,  resonance  involves  the  ring  and  stabilizes  the 
diazonium  compounds  sufficiently  to  permit  their  isolation. 

Diazotization.  The  formation  of  diazonium  salts  from  primary 
aromatic  amines  by  reaction  with  nitrous  acid  in  the  presence  of  mineral 
acids  usually  is  rapid  and  quantitative.  Aniline,  of  course,  is  the  out¬ 
standing  example  (OS  I,  442). 

C6H5NH2  HC1  +  NaN02  +  HC1  - >  CGH5N2C1  +  NaCl  +  2H20 

Satisfactory  procedures  are  available  for  a  large  number  of  other  amines, 
including  0- toluidine  (OS  I,  514),  m-toluidine  (OS  27,  81),  p-toluidine 
(OS  I,  136,  515),  and  2-naphthylamine  (OS  II,  432). 

It  is  possible  also  to  carry  out  the  reaction  with  compounds  having 
more  than  one  amino  group.  Benzidine  is  an  important  example  in  this 

category. 


hcih2n< 


>NH2HC1  +  2HN02 


V/  Sn2C1  +  4H20 


diazotization 
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o-Dianisidine  undergoes  tetrazotization  in  a  similar  way  (OS  21,30). 

Meta-directing  groups  and  halogen  substituents,  when  situated  in 
positions  ortho  or  para  to  the  amino  group,  make  diazotization  more 
difficult.  However,  a  single  halogen  atom  offers  no  problem,  as  illus¬ 
trated  by  the  readiness  with  which  o-chloroaniline  (OS  24,  22)  and 
4-amino-3-bromotoluene  (OS  23,  11)  undergo  diazotization. 

A  single  nitro  group  causes  no  trouble,  as  is  shown  by  the  facile  diazoti¬ 
zation  of  p-nitroaniline  (OS  II,  225),  ra-nitroaniline  (OS  I,  404),  4-amino- 
3-nitrotoluene  (OS  1,  415),  and  2-amino-5-nitrotoluene  (OS  20,  73). 

Aldehyde  groups  do  not  interfere,  as  is  illustrated  by  the  successful 
diazotization  of  ra-aminobenzaldehyde  (OS  25,  55).  Ester  groups  like¬ 
wise  can  be  tolerated;  ethyl  p-aminobenzoate  undergoes  diazotization 
satisfactorily  in  hydrochloric  acid  (OS  II,  299).  Even  aminophenols 
give  no  trouble.  p-Aminophenol,  for  example,  is  readily  diazotized  in 
dilute  sulfuric  acid  (OS  II,  355).  Examples  of  aminobenzoic  acids  are 
anthranilic  acid  (OS  II,  580)  and  its  5-iodo  derivative  (OS  II,  353). 

A  number  of  meta-directing  groups  or  halogen  substituents  may, 
however,  lower  the  basicity  of  the  amine  to  a  point  where  it  cannot  be 
diazotized  in  the  usual  concentrations  of  mineral  acids.  2,4,6-Tribromo- 
aniline  and  2,4-clinitroaniline,  for  example,  can  be  diazotized  only  in 
high  concentration  of  acids.  Moreover,  sulfuric  acid  combines  with 
nitrous  acid  to  form  nitrosylsulfuric  acid,  which  is  a  weak  diazotizing 
agent.  If,  however,  phosphoric  acid  is  added  to  the  mixture,  the  nitrous 
acid  is  freed  and  diazotization  occurs  even  with  weakly  basic  amines.1 
An  example  is  2,6-diiodo-4-nitroaniline  (OS  II,  604). 


N02 

A 

ivi 

nh2 


NaN02t 

II2804) 


no2 


n2hso4 


Another  procedure  which  is  effective  with  weakly  basic  amines  is  to 

dissolve  the  amine  in  glacial  acetic  acid  and  then  add  nitrosylsulfuric 
acid  diluted  with  sulfuric  acid.2 

3-Aminopyridine  forms  diazonium  salts  in  much  the  same  fashion  as 
o  ammo  derivatives  of  other  fully  aromatic  rings.  However  the  2 
and  4  isomers  can  be  diazotized  only  with  difficulty,  a  fact  which  can  be 
correlated  with  their  structures.  2-Aminopyridine  is  analogous  to  an 
am.  e,  and  the  4  isomer  is  its  next  higher  vinylog.  Satisfactory  results 

*  Schoutissen,  J.  Am.  Chem.  Soc.,  55,  4531  (1933) 

2  Misslin,  Helv.  Chim.  Acta ,  3,  626  (1920). 
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with  such  amines  have,  however,  been  obtained  by  resorting  to  special 
procedures.3 

In  many  diazotization  reactions  it  is  important  to  avoid  an  excess  of 
nitrous  acid.  Sulfamic  acid  has  long  been  used  to  destroy  excess  nitrous 
acid  in  diazotization  reactions.  However,  it  has  been  found  to  react 
with  a  number  of  diazo  compounds.4 

Primary  Aliphatic  Amines  and  Primary  Amides.  Salts  of  nitrous  acid 
and  aliphatic  amino  compounds  usually  are  very  unstable,  undergoing 
decomposition  at  ordinary  temperatures  or  when  warmed.  The  reac¬ 
tion  is  illustrated  by  the  action  of  nitrous  acid  on  benzylamine,  benzyl 
alcohol  being  produced  in  good  yield. 

C6H5CH2NH3N02  - >  C6H5CH2OH  +  N2  +  H20 


This  type  of  reaction  has  a  limited  usefulness,  however,  partly  because 
of  the  formation  of  by-products.  In  many  instances  it  gives  rise  to 
olefins,  showing  that  the  mechanism  of  the  change  is  more  complex 
than  is  indicated  by  the  equation.  Moreover,  the  alcohol  is  often  ac¬ 
companied  by  an  isomeric  alcohol.  Thus  n-propylamine  yields  both 
n-propyl  and  isopropyl  alcohol.  Isobutylamine  yields  a  mixture  con¬ 
taining  three  times  as  much  i-butyl  alcohol  as  isobutyl  alcohol.  The 
yield  of  primary  alcohols  increases,  however,  with  the  number  of  carbon 
atoms  in  the  primary  amine.5 

A  satisfactory  explanation  of  these  results  is  provided  by  the  assump¬ 
tion  that  a  carbonium  ion  is  produced  by  the  disintegration  of  the  un¬ 
stable  diazo  compound. 

R-N=NOH  — 4  R+  +  N2  +  OH~ 

It  is  characteristic  of  such  ions  that,  failing  to  unite  promptly  with  a 
negative  ion  (in  this  case  hydroxyl),  they  are  stabilized  by  the  elimina¬ 
tion  of  a  proton.  Moreover,  they  may  rearrange  to  more  stable  ions 
according  to  the  postulates  of  hyperconjugation  (p.  19).  Thus  the  ex¬ 
pected  alcohol  may  be  accompanied  by  an  isomeric  alcohol  foi  mod  fr  om 
the  more  stable  carbonium  ion.  The  origin  of  the  products  obtained 
from  isobutylamine,  for  example,  may  be  accounted  for  by  the  following 

changes. 

(1)  CH3CHCH2+ 

i 

t  '  ch3 

(2)  CH3CHCH2+ 

i 

ch3 


-H 


+ 


ch3cch3 
ch3 

4  CH3OCH2 


ch3 

3  Craie  J .  dm.  Chem.  Soc.,  56,  231  (1934). 

4  Grimmel  and  Morgan,  J.  Am.  Chem.  Soc.,  70, ,1750  (1048). 
6  Adamson  and  Kenner,  J.  Chem.  Soc.,  838  (l.)3  ). 
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(3)  CH3CHCH2+  +  OH-  - 

-4  CH3CHCH2OH 

1 

ch3 

ch3 

4" 

OH 

1 

(4)  CH3CCH3  +  OH-  - 

— »  CH3CCH3 

CH3 

| 

ch3 

The  preponderance  of  the  tertiary  alcohol  is  to  be  expected  because 
the  f-butyl  radical  is  stabilized  by  hyperconjugation  involving  nine 
hydrogen  atoms,  whereas  in  the  isobutyl  radical  stabilization  depends 

on  only  two  hydrogen  atoms. 

Very  remarkable  reactions  take  place  with  alicyclic  amines,  involving 
ring  opening  or  enlargement.  Cyclopropylamine  yields  allyl  alcohol 
as  the  chief  product. 

CH2n 

I  chnh2  — ►  CH2=CHCH2OH 
CH/ 

It  is  not  surprising,  of  course,  that  ring  opening  occurs,  since  the  allyl 
carbonium  ion  is  resonance  stabilized. 


CH2x 

I  CH+  - >  CH2=CHCH2+ 

CH/ 


Cyclobutylmethylamine  gives  cyclopentanol  and  cyclobutylcarbinol, 
as  well  as  the  corresponding  olefins. 


CHoNHo 

CH.OH 

¥ 

and 

>OH 


r  ng  enlargement  must  depend  on  a  rearrangement  of  the  carbonium 
ion  similar  to  those  occurring  in  the  isomerization  of  paraffins  (p  19)  the 
pinacol-pinacolone  (p.  94),  and  other  similar  rearrangements 


CH2-CHCH2+ 

ch2-ch2 


CH2-CH 

I  >ch2 
ch2-ch2 


This  type  of  reaction,  known  as  the  Demjanow  rearrangement  has 
served  to  enlarge  five-  and  six-membered  rinas  also  f\,„i  i  ,  ’ 
ylamine  yields  both  cycloheptanol  and  cycloheptene^  °hexylmeth- 

Ahphatic  primary  amines  do  not  react  with  nitrous  acid  at  o  tr  i  ■ 

6  Ruzicka  and  Brugger,  Uelv.  Chim.  Acta,  9,  399  (1926). 
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it  is  possible  to  diazotize  and  replace  the  aromatic  amino  group  without 
disturbing  the  aliphatic  amino  group.  An  example  is  the  conversion  of 
p-aminobenzylamine  to  benzylamine  by  diazotization  and  subsequent 
replacement  of  the  diazonium  group  by  means  of  hypophosphorous 
acid ;  the  yield  is  84%.7 


CH2NH2  ch2nh2  ch2nh2 


A 

A 

A 

A 

V 

A 

nh2 

n2+ 

Primary  amides  react  with  nitrous  acid  to  generate  the  correspond¬ 
ing  acids,  a  reaction  that  has  proved  to  be  valuable  with  amides  so 
highly  hindered  as  to  resist  hydrolysis.  An  example  is  the  conversion 
of  2 ,4 ,6-trichlorobenzamide  to  the  corresponding  acid.8 

Urea  is  converted  to  nitrogen,  carbon  dioxide,  and  water. 

CO(NH2)2  +  2HN02  - >  C02  +  2N2  +  3H20 


This  reaction  has  been  employed  in  the  estimation  of  urea  but,  because 
of  the  formation  of  by-products,  affords  only  approximate  values. 

Replacement  of  the  amino  group  by  hydroxyl  has  been  particularly 
valuable  with  a- amino  acids,  which  are  readily  converted  to  the  cor- 
responding  hydroxy  acids  by  treatment  with  nitrous  acid  in  aqueous 
solution.  The  Van  Slyke  method  of  determining  free  amino  groups  in 
amino  acids,  peptides,  and  proteins  is  based  on  this  reaction.  Such 
groups  yield  nitrogen,  which  is  measured. 

*  If  the  amino  group  is  alpha  to  a  carbethoxy,  cyano,  or  ketone  group, 
however,  a  diazo  compound  may  be  formed.  Glycine  ester  hydrochlo- 
ride,  for  example,  yields  diazoacetic  ester  (OS  24,  56;  85%  yield). 

HC1H2NCH2C02C2H5  +  HN02 - ► 

N2CHC02C2H5  +  2H20  +  NaCl 


It  will  be  observed  that  an  ^-hydrogen  atom  is  a  prerequisite  for  this 

tvoe  of  transformation  (CR  23,  193). 

Hydrazines  react  with  nitrous  acid  to  yield  the  corresponding  azides. 
Phenylhydrazine,  for  example,  combines  with  nitrous  ac>d  in  the  P 
ence  of  hydrochloric  acid  to  produce  phenyl  azide  (OS  22,  96,  6S/0 

yield).  _  __T  _ 

C6H5NHNH2  +  HC1  +  NaNOo  - *  CcHflN3  +  NaC  +  -  2 

7  Kornblum  and  Iffland, ./.  Am.  Chem.  Soc.  71,  2137  (1M9). 

.  Fuson,  Bertetti,  and  Ross,  J.  Am.  Chem.  Soc  64  4380  (U32). 

»  Gortner  and  Sandstrom,  J.  Am.  Chem.  Soc.,  47, 1663  (1925). 
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Phenyl  azide  has  been  represented  by  the  following  structures, 
a  appears  to  be  the  more  important. 


©  © 

C6H5-N=N=N  I 


©  © 

C6H5-N-N=N  i 


of  which 


a 


b 


Diketopiperazine  Formation 


When  a-amino  acids  are  heated  they  lose  water,  yielding  the  so-called 
diketopiperazines. 

/COoH  /CONH 

2RCH  ‘  — -4  RCH  >CHR  +  2H20 

xNHo  xNHCO 


The  simplest  member  of  the -class,  diketopiperazine,  is  produced  when 
glycine  is  heated  in  a  sealed  tube  to  160°.  At  the  same  time  a  linear 
polypeptide  is  formed. 

-NH[CH2CONH]nCH2CO- 

Diketopiperazine  is  produced  also  when  esters  of  glycine  are  heated. 


Urea  Formation 

Amino  compounds  unite  with  cyanic  acid  to  yield  ureas,  the  classical 
experiment  of  Wohler  being  an  example. 

NH3  +  HNCO  - »  NH4CNO  - >  CO(NH2)2 

This  type  of  reaction  is  very  general.  The  first  step  in  the  transforma¬ 
tion  of  anthranilic  acid  to  benzoyleneurea  is  an  interesting  example 
(OS  II,  79). 

^>nh2  hnco  AnHCONHo  *t_™t  A/  \< 


V 


C09H 


4 


V 


NHCONH2  NaOII 

- ) 

C02H 


"CO 


>N 


H2S04 


4 


v\  ✓ 

CONa 

NH 

A/  \ 


CO 

,NH 
CO 

This  transformation  is  of  special  value  with  a-amino  acids,  since  the 
im  ul  Products  are  readily  converted  to  lactams,  known  as  hydantoins 


52G 


AMINES  AND  AMINO  COMPOUNDS 


With  glycine  the  transformation  takes  the  following  path,  the  final 
product  being  hydantoin. 

HNCO  +  CH2C02H  CH2C02H  _h  0  CH2-CO 

- ►  I  - — ►  |  >NH 

nh2  nhconh2  nh-co 

Thioureas  are  produced  in  an  analogous  fashion  by  use  of  thiocya- 
nates,  ammonium  thiocyanate  yielding  thiourea  itself. 

/NH2 

nh4scn  — >  c=s 

xnh2 

p-Toluidine  reacts  with  thiocyanic  acid  to  yield  p-tolyl  thiourea  (OS  22, 
16). 

A - N  NaSCN  A - \ 

CH 3<f  %NHo  - »  CH3^  \NHCSNH2 

\  —  /  H2SO,  —  X 

Isocyanates  react  with  amino  compounds  to  give  ureas. 

RN=C=0  +  R'NH2  - »  RNHCONHR' 


In  a  similar  manner  isothiocyanates  yield  thioureas  when  treated  with 
ammonia  or  primary  or  secondary  amines.10  An  example  is  the  forma¬ 
tion  of  methylthiourea  from  methyl  isothiocyanate  (OS  21,  83;  81% 
yield). 

ch3n=c=s  +  nh3  — ►  ch3nhcsnh2 


This  procedure  affords  a  valuable  method  of  detecting  primary  and 
secondary  amines,  1-naphthyl  isothiocyanate  being  especially  valuable 
because  of  the  relatively  high  melting  points  of  the  derivatives.  Cyclo- 
hexylamine,  for  example,  yields  N-2-naphthyl-N'-cyclohexylurea  melt¬ 
ing  at  141-142°. 11 


w 


N=C-S 


-)-  C6HnNH2 


w 


NHCSNHCeHii 


Nitrosation 

Secondary  amines  react  with  nitrous  acid  to  yield  nitroso  derivatives, 
the  usual  procedure  being  to  add  sodium  nitrite  to  a  solution  of  the 
amine  in  a  mineral  acid.  An  example  is  nitrosodimethylamme  which 
may  be  prepared  from  dimethylamine  in  hydrochloric  acid  (Ob  II,  211). 

■«  Otterbacher  and  Whitmore,  J.  Am.  Chem.  Soc.,  61,  1909  (1929). 

Suter  and  Moffett,  J.  Am.  Chem.  Soc.,  65,  2497  (1933). 
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(CH3)2NH  HC1  +  HONO  - »  (CH3)2NNO  +  H20  +  HC1 

Methyl  N-nitroso-/3-methylaminoisobutyl  ketone,  an  intermediate  in 
one  method  of  preparation  of  diazomethane  (p.  513),  is  formed  in  an 
analogous  fashion  (OS  25,  28). 

(CH3)2CCH2COCH3  - >  (CH3)2CCH2COCH3 

ch3nh  ch3nno 

Aromatic  secondary  amines  react  in  a  similar  manner,  as  is  illustrated 
by  the  formation  of  N-nitrosomethylaniline  (OS  II,  460). 

C6H5x  CgH5x 

NH  +  HC1  +  NaN02  - ►  NNO  +  H90  +  HC1 

ch/  ch3/ 

Even  diarylamines  yield  nitrosamines,  as  is  exemplified  by  the  behavior 
of  diphenylamine. 

(C6H5)2NH  - >  (C6H5)2NNO 

Secondary  amides  likewise  yield  nitroso  derivatives,  called  nitrosam- 
ides,  those  from  anilides  being  best  known.  The  nitrosamide  from 
acetanilide  is  an  example. 

/NO 

c6h5nhcoch3  — ►  c6h5n 

xcoch3 

Ethyl  N-methylcarbamate,  made  by  treating  methylamine  with  ethyl 

chloroformate  (OS  II,  278;  90%  yield),  forms  nitrosomethylurethan 

(OS  II,  464;  76%  yield),  another  intermediate  in  the  synthesis  of  diazo- 
methane  (p.  512). 


ch3nhco2c2h5  — ►  ch3nco2c2h5 

NO 

Still  another  nitroso  compound  that  has  served  in  the  preparation  of 

lazomethane  (p.  512)  is  nitrosomethylurea,  produced  by  the  action  of 
nitrous  acid  on  methylurea  (OS  II,  461). 

CH3NHCONH2  +  HONO  - ►  CH3NCONH2  +  H20 

NO 

rins  reaction  is  especially  interesting,  since  it  illustrates  the  general  rule 
at  the  attack  of  nitrous  acid  occurs  preferentially  at  the  more  basic  of 
the  two  am, do  groups.  Similar  results  have  been  obtained  withX 
*,h  likewise  „itromlio„  ,t  lhe  mo 

RNHNH2  +  HONO  - y  RNNH,  +  H20 

NO 
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The  readiness  with  which  secondary  amines  form  nitrosamines  affords 
a  convenient  means  of  separating  amines  of  this  class  from  mixtures  with 
primary  and  tertiary  amines.  The  primary  amines  are  decomposed  by 
nitrous  acid,  and  the  tertiary  amines  do  not  react.  Moreover,  the  nitros- 
amine,  since  it  is  but  feebly  basic,  can  be  separated  from  the  tertiary 
amines.  The  nitrosamine  is  reconverted  to  the  original  amine  by  reduc¬ 
tion  or  by  hydrolysis. 

An  example  of  the  use  of  this  method  is  the  purification  of  N-ethyl-ra- 
toluidine,  prepared  from  m-toluidine  and  ethyl  bromide  (OS  II,  290; 
66%  yield). 


nhc2h5 


/ 


N 


NO 


+  HN02  - ► 


XC2H5  +  H20 


ch3  ch3 


/\n 


/NO 


xC2H5  +  6(H) 


ch3 


/\nhc2h5 

V 

ch3 


+  NH3  +  HoO 


The  reducing  agent  is  stannous  chloride. 


Nitration 


The  nitrates  of  urea  and  guanidine  yield  nitro  derivatives  when  treated 
with  concentrated  sulfuric  acid.  The  procedure  for  nitrourea  is  to  add 
dry,  powdered  urea  nitrate  in  small  portions  to  concentrated  sulfuric 

acid  at  -3°  (OS  I,  417;  87%  yield). 


/NH2-HN03 

C=0 

XNH2 


ii2so4 

- y 


/NHN02 

C=0  +  HoO 

xnh2 


The  preparation  of  nitroguanidine  is 

302,  399;  75%  yield). 

/NH2  HN03  h2S04 

C=NH  - 

xNH2 


carried  out  in  a  similar  way  (OS  1 


/NHN02 

>  C=NH  +  H20 

xnh2 


) 


Nitrourea  is  a  strong 


acid,  probably  having  the  following  structure. 


/NHo 

C=0 

xN=N-OH 

i 

O 


Nitroguanidine  is 


both  acidic  and  basic. 
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Cyclotrimethylenetriamine  (I),  produced  as  an  intermediate  in  the 
formation  of  hexamine  from  formaldehyde  and  ammonia  (p.  371),  ap¬ 
pears  to  be  the  mother  substance  of  cyclotrimethylenetrinitramine  or 
RDX  (II),  formed  by  treatment  of  hexamine  with  nitric  acid.12 

CH2 

/  \ 

— 3II20  NH  NH  HNo3 

3CH20  +  3NH3  - >  3HOCH2NH2  - >  |  |  - ► 

CH2  ch2 

\  / 

NH 

I 

CH2 

no2n  NN02 

ch2  ch2 

\  / 

nno2 

II 

RDX  is  a  high  explosive,  also  known  as  hexogen  and  cyclonite.  This 
compound  was  used  widely  in  World  War  II.  The  most  powerful  ex¬ 
plosive  known  before  the  perfection  of  the  atom  bomb,  it  is  50%  more 
effective  than  TNT  but  is  too  sensitive  to  be  used  alone.  Composition 
B,  a  mixture  of  RDX  (40%)  and  TNT  (60%),  was  used  on  nearly  every 
front  in  World  War  II,  going  into  blockbusters,  torpedoes,  and  depth 

charges.  In  1944  the  average  daily  output  of  composition  B  was  nearly 
700  tons.  J 


Reaction  with  Phosgene  and  with  Carbon  Disulfide 

Primary  amines  react  with  phosgene  to  produce  the  corresponding 
carbamyl  chlorides,  which  lose  hydrogen  chloride  to  yield  Tsocyanates 
Phenj  isocyanate  is  prepared  from  aniline  in  this  way. 

c6h5nh2  c6h5nhcoci  ^  c6hsn=c=o 

ylene  diisocyanate.  yields  hexameth- 

[H,N(CH,).NH,]C1,  +  2COC1,  OCN(CH,),NCO  +  6HCI 

Bachmann  and  Sheehan,  J.  Am.  Chem.  Soc.,  71,  1842  (1949). 
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Isothiocyanates  may  be  prepared  from  primary  amines  and  carbon 
disulfide,  dithiocarbamates  being  intermediates.  A  more  convenient 
method,  however,  involves  the  condensation  of  the  amine  and  carbon 
disulfide  in  the  presence  of  ammonium  hydroxide,  which  yields  the 
ammonium  salt  of  the  dithiocarbamic  acid.  This  salt  is  readily  con¬ 
verted  to  the  isothiocyanate  by  oxidation  with  lead  nitrate.  This  is 
the  best  method  for  the  synthesis  of  phenyl  isothiocyanate  (OS  I,  447); 
the  yield  is  78%. 

C6H5NH2  +  CS2  +  NH4OH  - >  C6H5NHCS2NH4  +  H20 

C6H5NHCS2NH4  +  Pb(N03)2  - ► 

C6H5N=C=S  +  NH4N03  +  PbS  +  HN03 


Another  method  is  illustrated  by  the  synthesis  of  methyl  isothiocy¬ 
anate  (OS  21,  81 ;  76%  yield).  The  initial  condensation  is  carried  out  in 
the  presence  of  sodium  hydroxide,  and  the  sodium  salt  thus  obtained 
is  treated  with  ethyl  chloroformate  to  effect  decomposition. 

CH3NH2  +  CS2  +  NaOH  - >  CH3NHCS2Na  +  H20 

CH3NHCS2Na  +  C1C02C2H5  - >  CH3NHCS2C02C2H5  +  NaCl 

CH3NHCS2C02C2H5  - >  CH3N=C=S  +  COS  +  C2H5OH 


Isothiocyanates  are  produced  also  by  the  interaction  of  primary 
amines  and  thiophosgene,  as  is  illustrated  by  the  synthesis  of  p-chloro- 
phenyl  isothiocyanate  (OS  I,  165;  81%  yield). 


CI^  ^NII2  +  CSC12  - ►  C1<3n=c=S  +  2HC1 


Ethylenediamine  reacts  with  carbon  disulfide  to  yield  ethylenethi- 
ourea,  the  thiocarbamic  acid  being  an  intermediate  (OS  26,  34,  89  ^ 

yield).  a 


ch2nh2  ch2nhcs 

-f-  cs2  ^  I  , 

ch2nh2  ch2nh3+ 


-h2s 


> 


ch2nhx 
I  c=s 

CH2NH/ 


The  Carbylamine  Reaction 

Primary  amines  are  transformed  into  the  corresponding  isocyanides, 
or  carbylamines,  by  heating  with  chloroform  in  the  presence  of  alkalies. 

RNH2  +  CHCI3  +  3KOH  - y  RNC  +  3KC1  +  3H20 


OXIDATION 
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Because  of  the  extraordinarily  repulsive  odor  of  the  isonitriles  this 
reaction  serves  to  detect  even  minute  amounts  of  primarj;  amines. 
The  structure  of  the  isonitriles  was  discussed  earlier  (p.  184). 


Oxidation 


Aromatic  amines  react  with  Caro’s  acid  or  hydrogen  peroxide  to 
yield  derivatives  in  which  oxygen  is  joined  to  nitrogen.  When  aniline, 
for  example,  is  oxidized  by  one  of  these  reagents,  0-phenylhydroxyl- 
amine  is  the  first  product  that  can  be  detected.  It  is  converted  to  nitro- 
sobenzene  and,  under  vigorous  treatment,  to  nitrobenzene. 

C6H5NH2  - ¥  C6H5NHOH  - ¥  C6H5NO  - ¥  C6H5N02 

Azobenzene  and  azoxybenzene  are  formed  also.  The  appearance  of 
these  products  is  understandable,  since  it  is  known  that  nitrosobenzene 
reacts  with  aniline  to  yield  the  azo  compound  and  with  /3-phenylhydrox- 
ylamine  to  give  the  azoxy  derivative  (p.  516). 

C6H5NO  +  C6H5NH2  - ►  C6H5N=NC6H5  +  H20 

c6h5no  +  c6h5nhoh  — ►  c6h5n=nc6h5  +  h2o 

l 

o 


The  conversion  of  aromatic  amines  to  the  corresponding  nitroso 
derivatives  by  oxidation  with  Caro’s  acid  has  been  employed  success¬ 
fully  with  many  amines.  An  example  is  the  preparation  of  5-nitro-2- 
nitrosotoluene  from  2-amino-5-nitrotoluene  (OS  22,  44;  71%  yield). 


ch3 

CH 

•%nh2 

A 

V 

n°V 

NO 


no2 

Oxidation  of  amino  groups  to  nitro  groups  has  been  accomplished 
and  in  a  number  of  instances,  has  preparative  value.  Aromatic  amines 
that  can  be  made  more  readily  than  the  corresponding  nitro  compounds 
aie  encountered  in  the  pyridine  and  quinoline  series  (p.  309). 

Tertiary  amines,  both  aliphatic  and  aromatic,  react  with  hydrogen 

peroxide  or  Caro  s  acid  to  yield  amine  oxides.  In  the  aromatic  series 
the  best  reagent  is  perbenzoic  acid  (p  515) 
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sought  on  the  assumption  that  the  initial  dehydrogenation  product  is 
the  liee  ladical,  CGIl5N<,  and  that  it  yields  the  observed  products. 

CgH5NH2  - y  C6H5N<  - y  CGH5N=NC6H5 

2C6H5N<  - >  C6H5N=T~VnH 

The  only  monomolecular  product  that  can  be  isolated  is  benzoquinone, 
which  is  produced  only  under  vigorous  conditions.  It  is  believed  to 
arise  from  the  polymeric  materials  which  are  characteristic  products  of 
this  type  of  oxidation. 

A  special  case  of  quinone  formation  is  the  preparation  of  duroquinone 
from  the  corresponding  diamine  (OS  II,  254;  90%  yield). 


NIT 

CH,TiCH 


CH 


3  FeCh 


■y 


3%/ 

NHs 


CH; 


O 

CHs/NcHs 

CHa^CHa 

Y 

o 


Hydrazine  derivatives  are  readily  oxidized,  as  is  illustrated  by  the 
behavior  of  phenylhydrazine.  Mild  oxidizing  agents  such  as  copper 
sulfate  and  ferric  chloride  convert  it  to  benzene,  presumably  by  way 
of  the  azo  compound. 

C6H5NHNH2  - y  [C6H5N=NH]  - y  C6HG  +  N2 

Semicarbazide  gives  positive  tests  with  both  Fehling’s  and  Tollens’  re¬ 
agents.  Hydrazobenzenes  are  oxidized  to  azobenzenes  with  great  ease, 
even  air  being  able  to  bring  about  the  change.  It  is  an  interesting  fact 
that  phenylhydrazine  reacts  with  air  in  alcohol  or  benzene  to  give  an 
almost  quantitative  yield  of  hydrogen  peroxide.13 

Aliphatic  hydrazine  derivatives  can  be  oxidized  also,  monoalkyl 
hydrazines  yielding  nitrogen  and  a  hydrocarbon. 

RNHNH2  - y  [RN=NH]  - y  RH  +  N2 

An  example  of  oxidation  of  a  disubstituted  hydrazine  is  encountered  in 
the  synthesis  of  ethyl  azodicarboxylate  (OS  28,  58). 

HNCO2C9H5  HOC1  NC02C2H5 

hnco2c2h5  nco2c2h5 

Hypohalites  serve  also  in  the  preparation  of  2-azo-bfs-isobutyronitrile 
from  the  corresponding  hydrazine  derivative. 

13  Walton  and  Filson,  J.  Am.  Chem.  Soc.,  64,  3228  (1932). 
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CN  CN 

CH3\  |  I  /CH3 

CNHNHC 

CPI/,  xCH3 


CN  CN 
CH3x  I  |  /CH3 
CN=NC 

CH/  NCH3 


The  oxidation  of  sym-dimethylhydrazine  to  azomethane  may 
accomplished  by  treatment  with  dichromate. 


be 


CH3NHNHCH3  - >  CH3N=NCH3 


Cleavage 

• 

The  cleavage  of  amines  normally  requires  drastic  treatment  and  is 
rarely  encountered.  Aromatic  amines  holding  activating  groups  on  the 
ring,  as  has  been  seen  (p.  283),  form  a  special  class.  Cleavage  at  the 
bond  joining  nitrogen  to  an  alkyl  group  has  been  effected  in  various 
ways,  a  few  of  which  are  of  much  interest,  von  Braun  discovered,  for 
example,  that  tertiary  amines  could  be  dealkylated  by  reaction  with 
cyanogen  bromide.  An  example  is  the  conversion  of  N,N-dimethyl-a:- 
naphthylamine  to  methyl- (1-naphthyl) cyanamide  (OS  27,  56). 


N(CH3)2 

y\/\ 


+  BrCN 


w 


ch3 

N-CN 


\/\y 


+  CH3Br 


The  von  Braun  cyanogen  bromide  cleavage  has  been  applied  success¬ 
fully  to  a  wide  variety  of  tertiary  amines,  including  many  heterocyclic 
nitrogen  compounds.  Among  the  most  interesting  of  these  are  the 
N-alkylethylenimines,  which  are  opened  to  yield  d-bromoethylcyan- 

amides.  Thus  N-n-butylethylenimine  affords  ,8-bromoethyl-re-butvl- 
cyanamide  in  a  94%  yield.11 


CH2-CH2 

\  / 

NC4H9  +  BrCN 


BrCH2CH2 

>NCN 

c4h9 


similar  type  of  cleavage,  likewise  discovered  by  von  Braun  is 
exemp  1  e  >y  t  e  preparation  of  1,5-dibromopentane  by  the  action  of 
phosphorus  pentabromide  on  benzoylpiperidine  (OS  I,  428;  72%  yield). 

C„H5CON/  +  PBi’5  —4  Br(CH2)5Br  +  C0HaCN  +  POBr3 


V 


"  I;lderfie,d  and  Hageman,  J.  Org.  Chem.,  14,  605  (1949). 
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Certain  acid  chlorides  containing  tertiary  amino  groups  have  been 
observed  to  undergo  an  intramolecular  reaction  involving  the  elimina¬ 
tion  of  an  alkyl  chloride,  the  products  being  pyrrolidones  or  piperidones. 
An  example  is  the  conversion  of  5-diethylaminovaleryl  chloride  to 
l-ethyl-2-piperidone.15 

CH2 

/  \ 

CH2  CH2  190-200° 

- > 

CH2  COC1 

\ 

N(C2H5)2 

Ethylenimine  undergoes  ring  opening  with  water,  hydrogen  sulfide, 
and  similar  reagents. 

NH 

CH2— CHo  +  H20  - ¥  HOCH2CH2NH2 

NH 

CH2--CH2  +  H2S  - >  HSCH2CH2NH2 


^0 
C2H5 


+  c2h5ci 


\  / 
N 


One  of  the  most  interesting  examples  of  this  type  of  ring  opening  is  the 
catalytic  hydrogenolysis  of  2,2-dimethylethylenimine  to  give  £-butyl- 
amine  (OS  27,  12). 


CH 


3\ 


c 

13'  NH 


Ni 


CHr/  x 


CH2  +  H2  - >  (CH3)3CNH2 


Isomerization  of  N-Substituted  Anilines 

Substituents  attached  to  the  nitrogen  atom  in  aromatic  amines  show 
a  tendency  to  migrate  to  the  ring.  The  rearrangement  of  nitrosamines 
to  nuclear  nitroso  derivatives  (p.  300)  and  of  /3-phenylhydroxylamine  to 
p-aminophenol  (p.  516)  has  already  been  mentioned.  N-Alkylanilines 
suffer  a  transfer  of  alkyl  groups  when  their  hydrochlorides  or  hydro¬ 
bromides  are  heated  in  a  sealed  tube,  para  derivatives  being  produced. 
Thus  methylaniline  hydrochloride  gives  p-toluidine  hydrochloride  in 
good  yields.  It  seems  probable  that  the  alkyl  group  is  removed  as  an 
alkyl  halide,  which  then  alkylates  the  aniline  at  the  para  position.  If 
that  position  is  occupied,  the  migrating  group  will  go  to  an  ortho  but 

never  to  a  meta  position. 

is  Clarke,  Mooradian,  Lucas,  and  Slauson,  J.  Am.  Chem.  Soc .,  71,  2S21  (1949). 
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The  rearrangement  of  phenylhydrazine  to  p-phenylenediamine,  like¬ 
wise  effected  by  heating  the  hydrochloride,  illustrates  the  migration  of 
an  amino  group. 

The  Benzidine  Rearrangement.  By  far  the  most  important  rearrange¬ 
ment  of  this  type  occurs  when  hydrazobenzene  and  its  derivatives  are 
treated  with  acids.  Hydrazobenzene  itself  yields  benzidine,  from  which 
the  reaction  gets  its  name.  Semidine  has  been  shown  not  to  be  an  inter¬ 
mediate;  when  subjected  to  the  conditions  which  produce  benzidine 
rearrangements,  it  is  recovered  unchanged. 

CgH5NHNHC6H5  - >  H2N<Zy<T>NH2 

Benzidine 

^NH2 

Semidine 


Rearrangement  to  an  ortho  position  is  observed  also,  and  in  the  naph¬ 
thalene  series,  o,o-diamines  have  been  produced.  These  compounds  are 
especially  interesting  because  they  may  undergo  ring  closure  to  produce 
pyrroles.  Thus  1-hydrazonaphthalene  yields  a  dibenzocarbazole.16 


NHNH 


/X 


\A 


A 


A/ 


nh2  h2n 


V  x/' 

A - As 


V 


V 


N 

I 

H 


V 


The  formation  of  a  pyrrole  derivative  from  a  hydrazine  in  this  wav  is 
analogous  to  the  change  that  occurs  in  the  Fischer  indole  synthesis 

Diphenyline  is  produced  also  from  hydrazobenzene  but  thn  . 

18  never  than  one-fourth  that  of  benzidine  ’  am°Unt 


H2N 


■'Vesety,  Ber.,  38,  136  (1905). 
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Steric  hindrance  appears  to  favor  the  formation  of  the  diphenyline  type 
of  product,  rearrangement  of  3,3,,5,5,-tctrarnethylhydrazobenzene  gives 
the  corresponding  benzidine  and  diphenyline  in  a  ratio  of  3:2. 17 


CH3 

/  %nhnh< 


CH 


ch3  ch3 


H,N  <f 


CH: 


CH: 


>NH2  and 


CH3  ch3 

ch3  ch3 


h,n/ 


ch3  nh2 


^CH; 


Halogenation 


§ 


1  r 


Hypochlorites  convert  primary  and  secondary  amines  into  the  cor¬ 
responding  N-chloro  derivatives,  both  mono-  and  dichloroamines  being 
formed.  An  example  is  the  formation  of  the  N-chloro  derivative  of  di-n- 
butylamine  (OS  25,  14). 

(CH3CH2CH2CH2)2NH  +  Cl2  +  NaOH  - > 

(CH3CH2CH2CH2)2NC1  +  NaCl  +  H20 

Certain  chloroamines  have  attracted  attention  because  treatment  with 
sulfuric  acid  converts  them  to  pyrrolidines.  Di-n-butylchloroamine, 
for  example,  yields  n-butylpyrrolidine  (OS  25,  14;  80%  yield). 

— HC1 

(CH3CH2CH2CH2)2NC1  - > 

n-ch2ch2ch2ch3 


Amides  likewise  yield  N-chloro  and  N-bromo  derivatives  when 
treated  with  the  corresponding  hypohalites.  N-Bromosuccinimide, 
employed  as  a  brominating  agent  (p.  31),  is  produced  by  the  action  of 

an  alkali  hypobromite  on  succinimide. 

Sulfonamides  undergo  halogenation  also,  the  best-known  example 
being  the  conversion  of  p-tolucnesulfonamide  to  Chloramine-T. 


CH3 

S\ 


+  NaOCl 


V 

so2nh2 


ch3 


V 

S02NC1J 


Na+  +  H20 


The  dichloroamide,  which  can  be  formed  also  under  suitable  conditions, 
is  transformed  into  Chloramine-T  by  the  action  of  sodium  hydroxide. 
This  type  of  reaction  has  not  been  realized  with  aliphatic  sulfonamides. 

Carlin,  J.  Am.  Chem.  Soc.,  67,  928  (1945). 


537 


THE  HOFMANN  DEGRADATION 


The  Hofmann  Degradation.  When  amides  are  treated  with  bromine 
and  alkali  in  the  presence  of  water,  they  are  converted  to  amines  of  one 
less  carbon  atom.  The  reaction,  discovered  by  Hofmann,  is  applicable 
to  a  wide  variety  of  aliphatic  and  aromatic  amides.  The  N-bromoamide 
which  forms  initially  reacts  with  the  alkali  to  yield  an  isocyanate,  which 
in  an  aqueous  solution  is  hydrolyzed  to  an  amine  (OR  3,  26/). 

RCONH2  +  Br2  +  OH~  - 4  RCONHBr  +  Br“  +  H20 

RCONHBr  +  OH“  - 4  [RCONBr]-  +  H20 

[RCONBr]"  - >  RN=C=0  +  Br- 

RN=C=0  +  H20  - 4  RNH2  +  C02 

An  example  is  the  conversion  of  nicotinamide  to  3-aminopyridine. 


/XcONHa  +  Br2  +  4NaOH - > 

\  /) 

N 


/V 


NH2  T  Na2C03  T  2NaBr  -j-  2H20 


\  // 

N 


Similarly,  veratramide  yields  4-aminoveratrole  (OS  II,  44). 


OCII3 
I  OCH3 

A/ 

+  NaOCl  +  2NaOH 

. 

CONII2 


och3 
I  och3 

/\/ 


nh2 


-t- 


i\aoi  -t-  l\a2003  +  H20 
The  yields  in  both  reactions  are  above  80%. 

If  methanol  is  employed  instead  of  water,  the  product  is  the  corre¬ 
sponding  carbamate.  This  modification  of  the  procedure  is  useful  for 
amides  of  aliphatic  acids  above  caprylic  acid,  since  these  afford  un- 
satisfactory  yields  m  aqueous  media.  The  amine  can  be  obtained,  with 

it  tie  loss,  from  the  carbamate;  the  preparation  of  undecylamine  from 
lauramide  is  an  illustration. 


ChH23conh2  — ,f>Xa»  cuh23nhco2ch3  -21L 


cuh23nh2 


Br2  "  h2o 

.T,°”®'half  °f  the  ;lsual  counts  of  bromine  and  alkali  are  used  acyl 
alkyl  ureas  are  produced  by  union  of  the  isocyanate  with  unchanged 
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amide.  From  acetamide,  for  example,  acetylmethylurea  is  obtained  in 
yields  of  90%  (OS  II,  462). 

CH3CONH0  +  Br2  +  2NaOH  - >  CH3N=C=0  +  2NaBr  +  2H20 

CH3N=C=0  +  CH3CONH2  - >  CH3NHCONHCOCH3 

The  failure  of  the  original  Hofmann  procedure  to  be  useful  with  the 
higher  amides  is  due  to  the  tendency  of  the  hypohalite  to  dehydrogenate 
the  amine.  With  an  excess  of  bromine  in  alkaline  solution  primary 
amines  may  be  converted  to  the  corresponding  nitriles,  the  dibromo 
amine  being  formed  as  an  intermediate.  This  method  is  convenient  for 
the  production  of  the  nitriles  of  aliphatic  acids  having  an  odd  number 
of  carbon  atoms. 

RCH2CONH2  - >  RCH2NH2  - ►  RCH2NBr2  - >  RCN 

Succinimide  undergoes  the  Hofmann  reaction,  giving  /3-alanine  in 
yields  of  45%  (OS  II,  19). 

CHoCOx  CHoNH2 

|  NH  +  KOBr  +  2KOH  - >  |  +  KBr  +  K2C03 

CH2CO/  CH0CO0H 


The  method  has  been  used  successfully  also  with  phthalimide,  antlira- 
nilic  acid  being  formed  in  high  yields. 


As  would  be  expected,  aldehydes  are  produced  from  amides  of  a-hy- 
droxy  acids  or  a,/3-unsaturated  acids.  Thus  phenylacetaldehyde  is 
formed  from  cinnamamide  in  good  yield  by  way  of  methyl  styrylcar- 
bamate.18 

C6H5CH=CHCONH2  - >  CfiH5CH=CHNHC02CH3  - > 

C6H5CH2CHO 


In  a  similar  way  mandelamide  yields  benzaldehyde.19 

C6H5CHCONH2  - >  [CcH5CHNH2]  - ►  C6H5CHO  +  NHs 

OH  OH 

18  Weerman,  Ann.,  401,  1  (1913). 

19  Weerman,  Rec.  trav.  chim.,  37,  16  (1918). 
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The  method  fails  also  with  urea,  since  the  product,  hydrazine,  is 
readily  oxidized  by  the  reagent.  Hydrazine  may  be  obtained,  however, 
if  an  excess  of  urea  is  employed.  Aryl  semicarbazides  yield  aryl  azides, 
apparently  by  the  following  steps. 

ArNHNHCONH2 - ¥  ArN=NCONH2 - ¥  [ArN=N-NH2] - ¥  ArN3 

Since  the  isocyanates  are  readily  hydrolyzed,  the  Curtius  reaction 
furnishes  a  practical  procedure  for  replacing  a  carboxyl  group  by  an 
amino  group  (OR  3,  337).  It  involves  the  decomposition  of  an  acid 
azide  to  the  corresponding  isocyanate.  An  example  is  the  conversion  of 
lauroyl  azide  into  undecyl  isocyanate  (OS  24,  94;  86%  yield). 

tt-CnH23CON3  - ^  7i-CnH23N=C=0  ~J-  N2 

The  Schmidt  reaction  provides  an  additional  method  of  preparing 
amines  from  acids  (OR  3,  307).  The  procedure  is  to  heat  the  acid  with 
hydrazoic  acid  in  the  presence  of  a  strong  mineral  acid. 

H2S04 

RC02H  +  HN3  - ¥  RNH2  +  C02  +  N2 

The  Lossen  rearrangement  is  similar  to  those  of  Hofmann  and  Curtius, 
involving  the  decomposition  of  salts  of  hydroxamic  acids  or  their  deriva¬ 
tives  (CR  33,  209). 

O 

[RC-NOCOR']-  - ¥  RN=C=0  +  R'C02" 


Exhaustive  M  ethylation 

The  process  known  as  exhaustive  methylation,  used  to  degrade  an 
amine  to  the  olefin  or  olefins  corresponding  to  the  alkyl  radicals  that 
are  attached  to  the  nitrogen  atom,  is  very  similar  to  dehydrohalogena- 
tion.  By  treatment  with  methyl  iodide  the  amine  is  “exhaustively” 
methylated,  the  final  product  being  a  quarternary  ammonium  iodide 
Moist  silver  oxide  converts  the  salt  to  the  corresponding  base,  which  is 
then  decomposed  thermally.  Tetramethylammonium  hydroxide  breaks 
down  to  give  tnmethylamine  and  methyl  alcohol. 


CH3n  /CH3t  + 
N 

CIV  xCHi 


OH' 


CH3n 

CH3-N  +  CH3OH 

CIV 


Larger  groups  are  generally  eliminated  as  the  corresponding  olefins 
It  is  a  general  rule  that,  if  one  of  the  groups  is  ethvl  othte  ,  ,, 

produced  to  the  virtual  exclusion  of  other  olefins  that  are  possibL."  TMs 
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must  moan  that  the  proton  which  is  removed  from  the  /3-carbon  atom  is 
moie  exposed  to  attack  in  the  ethyl  than  in  larger  radicals.  Confirma¬ 
tion  of  this  is  seen  in  the  discovery  that  phenethyl  and  more  especially 
p-nitrophenethy  1  groups  are  exceptions  to  the  rule.  It  is  known  that  a 
benzyl  group  characteristically  facilitates  the  approach  of  negative  ions.20 

rC6H5CH2CH2x  /CH31  + 

N  OH~  - ► 

ch3ch/  nch3_ 

CH3CH2N  (CH3)2  -f-  H20  -f-  c6h5ch=ch2 


If  no  ethyl  group  is  present,  larger  groups  can  be  eliminated.  The 
general  rule  is  that  the  least  alkylated  ethylene  will  predominate.  An 
example  is  the  conversion  of  pyrrolidine  to  1,3-butadiene.  Pyrrolidine 
is  treated  with  methyl  iodide,  and  the  resulting  quaternary  ammonium 
iodide  converted  to  the  corresponding  base,  which  decomposes  thermally 
to  give  a  dimethylbutenylamine.  A  repetition  of  the  process  gives  1,3- 
butadiene. 


CH2 - CH2  Ch3i 


CH2  CH; 

\  / 

NH 


+ 


CHo - CH2 

I  I 

ch2  ch2 

\  / 

N 

/  \ 

ch3  ch3 

ch2 — ch2 


T  Ag20 

I~ - > 


CH2  Clio 

\  / 

N 

/  \ 

ch3  ch3J 


+ 


OH 


heat 

-H20' 


-» 


CHo-CH 

i  ii 

ch2  ch2 

N 

/  \ 

ch3  ch3 


In  a  similar  manner  piperidine  yields  piperylene  (p.  73). 

CH2 

/  N 

ch2 


ch2 

/  \ 

ch2  excess  ch2  ch2 


ch2 

/  \ 

Ag2o  ch2  ch2 


CII„  ch2  CHsI  ch2  ch2 

\  /  \  / 

^  /N\ 

H  CH3  CH3 

I- 


ch2  ch2 

\  / 

N+ 

/  \ 

ch3  ch3 

OH- 


20  Hanhart  and  Ingold,  •/.  Chan.  Soc.,  997  (1927). 
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CH2 

/  \ 

CH  CH2 

ch2  ch2 


[CH2=CHCH2CH=CH2]  — ►  ch3ch=chch=ch2 


n-ch3 

vch3 

The  final  step  is  a  rearrangement  of  1, 4-pen tacliene  to  piperylene,  in 
which  the  double  bonds  are  conjugated. 

A  variation  of  Hofmann’s  method  is  found  in  the  transformation  of 
piperidine  into  1,2-dimethylpyrrolidine. 


CH2 

/  \ 

ch2  ch2 

ch2  nh 

\  / 

ch2 


ch3i 

Ag20 


ch2- 

CH3CHC1 


i 


ch2 

I 

ch2 

N(CH3)2 


HC1 


ch2 

/  \ 

ch2  ch2 

I  I 

CH2  N(CH3)2 

\  / 

ch2 

distil 

ch2ch2 

/  \ 

CH 


+ 


OH 


1 


CH; 


ch2 

N(CH3)2 


CH2 - CH, 

I  I 

CH3CH  CH, 

\  / 

N 

(CH3)2  j 


+ 


cr 


CH2 - CH. 


CH3CH  CH 

\  / 

N 

CH3 


+  CH3C1 


One  of  the  most  interesting  olefins  to  be  prepared  by  this  method  is 
eye  opropene.  Trimethylcyclopropylammonium  iodide  was  made  from 
cyclopropylamme  in  an  83%  yield  by  treatment  with  methyl  iodide 
in  free  base  was  decomposed  by  heating  at  320-330°  on  platinized 
asbestos.  A  y.eld  of  45%  of  the  theoretical  amount  of  cyclopropene 
was  obtamed  along  with  a  30%  yield  of  dimethylcyclopropylamin'b' 

-1  Schlatter,  J .  Am.  Chem.  Soc.f  63,  1733  (1941). 
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CH2n 

chnh2 

CH/ 


CHal 

- > 


ch2x 

I  CHN(CH3)3 

ch/ 


+ 


1“ 


CH 


^CHN(CH3)3 


ch2x  ch2n 

CH  +  I  CHN(CH3)2 
CH  '  CH/ 


Cyclobutene  has  been  made  in  the  same  manner.  Cyclobutyl  tri- 
methylammonium  hydroxide,  prepared  from  cyclobutylamine,  was  de¬ 
composed  by  heating. 

rCH2-CH2 

I  I 

LcH2-CHN(CH3)3 


ch9-cii 

OH-  - >  |  II  +  (CH3)3N  +  h2o 

ch9-ch 


Perhaps  the  most  celebrated  example  of  this  type  is  the  synthesis  of 
cyclooctatetraene  by  Willstatter  from  pseudopelletierine.22  Another 
classical  example  is  the  formation  of  benzene  by  the  following  changes. 


Br 

N(CH3)2 

A 

A 

X 

A 

A 

A 

A 

A 

Br 

N(CH3)2 

a-Coniine,  which  is  optically  active,  is  opened  by  exhaustive  methyla- 
tion  in  such  a  way  as  to  preserve  the  optical  activity. 


CH; 


/\ 


\  / 
N 

i 

H 


CH2CH2CH3 


CH  CH2 

ch2  chch2ch2ch3 

N(CH3)2 


This  result  is  in  accord  with  the  rule  that  the  least-branched  olefin  will 
be  formed  preferentially. 

A  new  synthesis  of  cyclooctatetraene  from  a  cyclic  dimer  of  chloro- 
prene  also  involves  exhaustive  methylation.-15 

22  Cope  and  Overberger,  J.  Am.  Chem.  Soc.,  70,  1433  (1948). 

23  Cope  and  Bailey,  J.  Am.  Chem.  Soc.,  70,  2305  (1948). 
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CH2=CHCC1=CH2  CH2CH=CC1CH2 

CH2=CC1CH=CH2  *  CH2CCI=CHCH2  NH3 

ch2co 

>NBr 

CH2CH=CHCH2  CH2CO  CH2-CH=CHCHBr  (CH3)2NH 

CH2CH=CHCH2  *  CH2CH=CHCHBr 

(CH3)2N 

ch2chch=ch  ch=chch=ch 

CH,CHCH=CH  *  CH=CHCH=CH 
(CH3)2N 


The  Friedlander  Quinoline  Synthesis 

Quinoline  is  formed  by  the  intramolecular  condensation  of  o-amino- 
cinnamaldehyde. 

CH 

/f\/  ^CH  /\ 

I  - >  +  h2o 

CHO 


V\ 


NH< 


This  method  is  capable  of  extension  to  a  wide  variety  of  types  of  sub¬ 
stituted  quinolines,  being  particularly  useful  for  quinolines  substituted 
in  the  pyridine  ring. 

The  general  method  was  greatly  simplified  by  Friedlander,  who  found 
that  o-aminobenzaldehyde  or  an  o-aminophenyl  ketone  and  any  com¬ 
pound  containing  the  structure  -COCH2-  would  give  the  same  result, 
t  ie  amino  cinnamaldehyde  type  of  structure  being  involved  in  each 
case  as  an  intermediate.  Thus  ethyl  acetoacetate  and  o- aminobenzalde- 
yde  yield  ethyl  2-methyl-3-quinolinecarboxylate. 


.w(:H0  ch2co2c2h5 


+  COCII- 


-H20 


V\ 


CH 

\ 


CC02C2H5  _h2q 


nh5 


COCH, 


NH, 


VA  // 

N 


co2c2h5 

ch3 
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The  Pfitzinger  Modification 

Pfitzinger  found  that  isatin,  which  is  more  readily  available  than 
o-aminobenzaldehyde,  could  serve  also,  the  product  being  a  cinchoninic 
(4-quinolinecarboxylic)  acid.  The  isatin  ring  is  opened  by  the  alkaline 
catalyst,  whereupon  the  condensation  proceeds  in  the  Friedlander  man¬ 
ner.  An  example  of  this  method  is  the  formation  of  2-methylcincho- 
ninic  acid  from  isatin  and  acetone. 


V\  / 

N 


c=o 

c=o 


h2o 

KOH 


-> 


co2h  co2h 

r^\c=0  CH3COCH3 


V 


NIL 


vv 


CH; 


H 


When  pyruvic  acid  is  employed,  the  product  is  2,4-quinolinedicarboxylic 
acid. 

C02H  co2h 


S/ 


o 

NHo 


+  CH3 
o=cco2h 


\  // 

N 


co2h 


Keto  ethers  have  been  found  useful  in  preparing  aryloxy  or  alkoxy 
derivatives  of  cinchoninic  acid.  An  example  is  the  synthesis  of  2-phenyl- 
3-propoxy cinchoninic  acid  from  phenyl  n-propoxymethyl  ketone.24 


/V 


h2coc3h7 


co2h 

C=0  I 

+  o=cc6h5 
nh2 


co2h 

/N/SoCjH, 


VV 


c6h5 


The  Knorr  Methods 


It  was  discovered  by  Knorr  that  7-diketones  would  react  with  am- 
monia  and  primary  amines  to  give  pyrrole  derivatives  For  example, 
acetonylacetone  and  ammonia  yield  2,5-dimethylpyrrole  (OS  II,  219; 

86%  yield). 


CH2COCH3 

ch2coch3 


+  nh3 


ch=cch3 

>NH  +  2H20 

ch=cch3 


24 


Henze,  Melton,  and  Forman,  J.  Am 


.  Chem.  Soc.,  70,  2622  (1948). 
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The  reaction  occurs  with  both  aliphatic  and  aromatic  amines  as  well  as 

with  hydroxylamine  and  hydrazine. 

Another  route  to  the  pyrroles,  also  discovered  by  Knorr,  consists  of 
the  condensation  of  a  ketone  with  an  a-amino  ketone.  The  amino  ke¬ 
tone  is  most  conveniently  prepared  from  the  ketone  by  way  of  the  oxime 
and  is  usually  allowed  to  condense  with  the  ketone  without  being  iso- 
.  lated.  With  acetone  the  product  is  2,4-dimethylpyrrole,  the  following 
steps  being  involved. 

HONO  H2 

CH3COCH3  - >  CH3COCH=N OH  - > 

CH3CO  CH3  -H20  ch3co  CH3  -H20 

CH2NH2  +  COCH3  *  CH2N=CCH3  * 

CH3C - CH 

II  II 

HC  CCH3 

\  /• 

NH 


The  synthesis  of  3-acetyl-5-carbethoxy-2,4-dimethylpyrrole  from  ethyl 
acetoacetate  and  acetylacetone  is  another  example  of  this  method  of 
Knorr  (OS  21,  67). 


CH3CO 


^  ^  CH2COCH3  —  2H20  CH3COC 

chnh2  occh3  *  ch3c 


-CCH- 


co2c2h5 


\  / 

NH 


CC02C2H5 


7-Amino  ketones  yield  dihydropyrroles  or  pyrrolines.  An  interesting 

example  is  the  conversion  of  0-benzoyl-a:-phenylpropionitrile  to  2,4-di- 

phenyl^-pyrrohne  by  catalytic  hydrogenation  of  the  cyano  group 
(OS  27,  33). 


C6H5CHCH2COC6H5 

ch2nh2 


C6H5CH - CH 


C6H5CHCH2COC6H, 

CN 


ch2  cc6h5 

\  / 

NH 

Fiom  ethyl  acetoacetate,  formaldehyde  and  immnni.  ;*  :  •, 

^prepare  3,5-dicarbethoxy-l,4-dihydro-2,6-dimethylpyridineS  Js'j 
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C02C2H5 


CH3CO  COCH3 


NH 


NH3 


CHgC 


C2H502CCH  CHC02CoH5 

\  / 

ch2 


c2h5o2cc 


\  / 

ch2 


cch3 

II 

cco2c2h5 


Alkylated  pyridines  form  when  aldehyde-ammonias  are  heated.  For 
example,  when  a  mixture  of  paraldehyde,  ammonium  hydroxide,  and 
ammonium  acetate  is  heated  for  1  hour  at  250°  in  a  closed  vessel, 
5-ethyl-2-methylpyridine  (generally  called  aldehyde-collidine)  is  ob¬ 
tained  in  good  yields.  /V 

"b  15H20 


CH3CO2NH4  C2H5 

4(CH3CHO)3  +  3NH4OH  - ►  3 


\  // 

N 


CH; 


The  Hantzsch  Pyridine  Synthesis 


The  Hantzsch  synthesis  involves  the  condensation  of  two  molecules 
of  a  (3- keto  ester  or  0-diketone  with  one  of  an  aldehyde  and  one  of 
ammonia.  An  example  is  the  condensation  of  ethyl  acetoacetate  with 
acetaldehyde  and  ammonia.  The  intermediates  in  this  reaction  are 
undoubtedly  the  /3-ethylideneacetoacetic  ester  (I)  and  the  0-aminocro- 
tonic  ester.  If  it  is  imagined  that  the  imino  tautomer  of  the  lattei  (II) 
condenses  with  the  ethylidene  compound  in  the  Michael  manner  with 
subsequent  ring  closure,  the  cyclization  is  seen  to  be  very  similar  to  the 

early  Ivnorr  closure. 


c2h5o2cc 

ch3oo 

I 


CH, 

CH 


CH2C02C2H5 


+  HN=CCH3 

II 


ch3 

CH 


c2h5o2cch 

CH3CO 


chco2c2h5 

I 

CCH3 

II 

NH 
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ch3 

CH 


/  \ 

C2H5O2CC  CCO2C2H5 


ch3c  cch3 

\  / 

N 

H 


oxidation 
- — » 

hydrolysis 


ch3 

ho2c/\co2h 


CH3\  // 

N 


CH, 


The  Fischer  Indole  Synthesis 


The  most  important  general  method  of  preparing  indoles,  discovered 
by  Emil  Fischer,  involves  the  elimination  of  ammonia  from  phenylhydra- 
zones.  The  phenylhydrazone  of  acetone,  for  example,  yields  2-methyl- 
indole. 


/A, 

-x/J-NHN=C 


/CH3 

'CII3 


_ 

/ 


CH 

II 

cch3 


NH 


+  NH3 


The  catalyst  may  be  zinc  chloride,  dilute  sulfuric  acid,  alcoholic  hydro¬ 
chloric  acid,  or  glacial  acetic  acid. 

In  a  similar  way  2-phenylindole  may  be  prepared  (OS  22,  98*  80% 
yield). 


A 

CH3 


Vanhn=cc6h5 


ZnCL 


+  nh3 


When  phe ny lhy drazine  is  added  to  a  boiling  solution  of  cyclohexanone 
in  acetic  acid,  the  phenylhydrazone  which  forms  undergoes  ring  closure 
-I7’  yi(ilding  *  >2,3,4-tetrahydrocarbazole.  The  yield  in  this  process 

IS  OO/Q. 


A 

A^NHNH2 


/\ 


AVV 


+  h2o  +  nh3 


H 

1-Tetralone,  similarly,  gives  rise  to  l,2-benzo-3,4-dihydr0carbazole.» 

2i  Rogers  and  Corson,  J.  Am.  Chem.  Soc.,  69,  2910  (1947). 
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AZO  AND  DIAZO  COMPOUNDS 

Compounds  which  contain  the  group  -N=N-  are  known  in-  large 
numbers  and  present  a  wide  variety  of  interesting  reactions.  They  may 
be  so  unstable  as  to  make  isolation  impossible,  as  is  presumed  to  be 
true  of  diazotized  primary  aliphatic  amines,  which  yield  alcohols  and 
nitrogen  (p.  522). 

_ IT  pv 

RNH2  +  HONO  - — >  RN=NOH  - »  ROH  +  N2 

Azo  compounds  of  the  type  RN=NR  and  ArN=NAr,  on  the  other  hand, 
show  a  high  order  of  thermal  stability.  Finally,  the  resonance-stabilized 
azo  group  in  the  cinnolines  is  extremely  stable  (CR  37,  269). 

N 

W . 

Cinnoline 

Thermal  decomposition  of  azo  and  diazo  compounds  is  characterized 
by  the  loss  of  molecular  nitrogen.  In  the  case  of  azomethane  it  has  been 
established  that  the  other  product  is  free  methyl  (p.  10). 

CH3-N=N-CH3  - »  iN=Ni  +2CH3- 

There  is  a  considerable  body  of  evidence  to  support  the  belief  that  free 
radical  production  always  accompanies  such  decompositions.  For  ex¬ 
ample,  when  benzenediazonium  chloride  is  decomposed  in  acetone  m 
the  presence  of  sulfur,  selenium,  or  tellurium,  it  is  possible  to  isolate 
diphenyl  sulfide,  diphenyl  selenide,  or  diphenyl  tellur.de,  respectively. 
These  results  are  taken  to  mean  that  free  phenyl  radicals  are  formed. 


Aliphatic  Diazo  Compounds 

Aliphatic  diazo  compounds  react  in  a  great  variety  of  ways,  with  or 
without  the  loss  of  nitrogen.  Many  of  these  reactions,  particular  y 

those  of  diazomethane,  have  been  widely  employed  in  synthesis. 

548 


UNSATURATED  COMPOUNDS  04  J 

methylation  of  acids  and  phenols  with  diazomethane  has  already  been 
discussed  (p.  81). 

Diazomethane  is  a  resonance  hybrid  of  the  following  structures. 


©  0 

H-C-N=N i 

i 

H 


©  © 

H-C=N=N  I 

I 

H 

b 


Many,  of  the  reactions  of  the  compound  can  be  interpreted  in  terms  of 
a  nucleophilic  attack  in  which  the  compound  behaves  as  though  it  had 
structure  a.  In  general,  aliphatic  diazo  compounds  react  with  substances 
that  are  unsaturated,  i.e.,  that  are  vulnerable  to  the  attack  of  nucleo¬ 
philic  agents. 

Unsaturated  Compounds.  Aliphatic  diazo  compounds  combine  with 
olefinic  and  acetylenic  substances  to  yield,  respectively,  pyrazolines  and 
pyrazoles.  Thus  diazomethane  and  ethylene  form  pyrazoline. 


CH2N2  +  CH2=CH2 


/CH2-N 

ch2  “  II 
xch2-n 


Addition  to  a  double  bond  occurs  more  readily  if  it  is  conjugated 
with  a  carbonyl  group.  For  example,  unsaturated  esters  such  as  those 
of  maleic,  fumaric,  and  crotonic  acid  react  with  diazomethane  to  pro¬ 
duce  alkyl  pyrazolinecarboxylates.  Thermal  decomposition  converts 
these  substances  to  the  corresponding  cyclopropane  derivatives.  It  is 
interesting  that  ethyl  maleate  and  ethyl  fumarate  give  the  same  pyraz- 
oline;  from  it  ethyl  1,2-cyclopropanedicarboxylate  is  made  by  heating. 


CH2N2  + 


CHC02C2H5 

II 

chco2c2h5 


/CH2-CHC02CoH5 
NH  | 

xN=C-C02C2H5 


-n2 


/CHC02C2H5 

ch2| 

xCHCOoCoH5 


Diazoacetic  ester  has  been  used  in  a  similar  fashion. 

panetncarboxylic  acid,  for  example,  is  produced  when 
employed. 


1,2,3-Cyclopro- 
ethyl  maleate  is 


H02CCH 


/CHCOoH 

xCHC02H 


Stvrone  reacts  with  ethyl  diazoacetate  in  a  similar  way,  givin<-  ethyl 
'-phenylcyclopropanecarboxylate  in  85%  yield.1  &  ^ 


1  Burger  and  lost,  J.  Am.  Chem.  Soc.,  70,  2198  (1948). 
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C6H5CH-CH2  +  N2CHCO2C2H5  - ►  C6H5CH— CHCO2C2H5  -f  No 

xch2 

The  reaction  is  effected  in  one  step  by  dropping  an  equimolecular  mix¬ 
ture  of  styrene  and  the  diazo  ester  into  an  excess  of  styrene  at  125°. 

d  his  remarkable  reaction  has  been  extended  to  aromatic  hydrocar¬ 
bons  such  as  p-xylene,  naphthalene,  and  phenanthrene.  The  products 
are,  respectively,  I,  II,  and  III.2 

/\ 


CH3 

/\ 


,chco2h 


aA) 


w 


CHC02H 


V 


;chco2h 


ch3 


11 


V 


hi 


Ethyl  azodicarboxylate  has  an  extraordinary  capacity  for  combina¬ 
tion  with  molecules  containing  conjugated  systems  of  multiple  bonds. 
With  1,3-butadiene,  for  example,  it  gives  a  typical  Diels- Alder  adduct 

(p-  61)-3  ch2 


ch2=ch-ch=ch2  +  I 


nco2c2h5 


nco2c2h5 


CH  NC02C2H5 

CH  NC02C2H5 

\  / 

ch2 


Naphthalene  in  the  presence  of  a  little  hydrochloric  acid  and  a  trace 
of  iodine  reacts  in  a  different  fashion,  combining  with  two  molecules  of 


the  azo  ester.4 


HNC02C2H5 

nco2c2h5 


/W  nco2c2h5 

+  2  II 

nco2c2h5 


nco2c2h5 
hnco2c2h5 


2  Drake  and  Sweeney,  J.  Org.  Chem.,  11,  67  (1946). 

3  Diels,  Blom,  and  Roll,  Ann.,  443,  242  (1925). 

4  Stoll6  and  Adam,  J.  prakt.  Chem.,  HI,  167  (1925). 
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Attack  may  occur  at  an  allyl  position,  as  shown  by  the  reaction  of  the 
methyl  ester  with  tetralin.5  HNC02CH3 

NCO2CH3 

AA  S 


va/  V\/ 

Analogous  reactions  occur  with  olefins,  the  attack  likewise  being  at  an 
allyl  position.  An  example  is  ^-methylstyrene.6 


CH2=CCH3 

CfiH, 


CH2=CCH2NC02CH3 

hnco2ch3 

C6H5 


This  behavior  of  the  azo  ester  is  similar  to  that  observed  with  maleic 
anhydride  (p.  69). 

The  behavior  of  styrene  exemplifies  both  t3^pes  of  condensation,  a 
tetrahydrocinnoline  derivative  being  formed.7 

HNC02C2H5 

nco2c2h5 

CH 

\Ch2 
^nco2c2h5 

N 

co2c2h5 

Azides  react  with  olefinic  compounds  to  yield  triazoles,  but  the  reac¬ 
tion  is  sluggish  in  comparison  to  that  observed  with  aliphatic  diazo 

compounds.  Certain  olefinic  hydrocarbons,  notably  bicyclic  compounds 
such  as  I,  react  readily. 

CH  ,CH 


CH; 


CH; 


'CH 

CH2  I  +  C6H5N3  - ¥ 


.CH 


CH; 


CH2 


ch2  I 

CH 


CH - N<p6H5 


CH 
I 


-N 


N 


'CH 


Stolle  and  Reichert,  J.  prakt.  Chem.,  123,  74  (1929). 

6  Alder,  Pascher,  and  Schmitz,  Ber.,  76B,  27  (1943) 

7  Diels  and  Alder,  Ann.,  450,  237  (1927). 
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The  late  of  the  addition  of  phenyl  azide  to  olefinic  linkages  appears  to 
be  a  measure  of  the  reactivity  of  the  double  bond  and  has  been  used  to 
compare  the  cycloolefins.8 

The  addition  of  phenyl  azide  to  quinones  is  illustrated  by  the  behavior 
of  1,4-naphthoquinone. 


O 


C6H5N3 


O 


H 


/\/\/ 


nc6h5 

\ 


W\ 


o 


H 


N' 


✓ 


N 


Carbonyl  Compounds.  Aldehydes  react  with  diazomethane  to  yield 
methyl  ketones  (CR  23,  193).  Thus  ?n-nitrobenzaldehyde  is  converted 
to  ??i-nitroacetophenone. 


CHO 


A 

\/ 

N02  y 

V 

COCH3 


NO, 


However,  the  reaction  is  not  of  general  application  because  olefin  oxides 
are  formed  also.9 

Ketones  react  in  the  presence  of  suitable  catalysts,  giving  rise  to 
higher  homologs  along  with  the  corresponding  ethylene  oxides.  Aceto¬ 
phenone,  for  example,  yields  benzyl  methyl  ketone.10 


C6H5COCH3  - ►  C6H5CH2COCH3 

This  result  shows  that  the  methylene  group  is  inserted  preferentially  on 
the  side  of  the  carbonyl  group  attached  to  the  aryl  radical.  Similarly, 
1-tetralone  is  converted  to  a  ketone  that  is  believed  to  be  II,  I  being  a 
probable  intermediate.11 


8  Alder,  Stein,  and  Friedriehsen,  Ann.,  601,  1  (1933). 

9  Arndt,  Eistert,  and  Partale,  Ber.,  61B,  1107  (1928). 

10  Mosettig  and  Jovanovic,  Monatsh.,  63,  427  (1929). 

11  Thompson,  J.  Am.  Chem.  Soc.,  66,  156  (1944). 
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The  synthesis  of  diphenylketene  from  benzil  monohydrazone  may  be 
formulated  as  an  intramolecular  reaction  between  an  azo  group  an  a 
carbonyl  group  (OS  20,  47).  The  hydrazone  is  oxidized  by  mercuric 
oxide  to  azibenzil  (OS  II,  496),  which  is  decomposed  thermally.  The 
yield,  based  on  the  hydrazone,  is  58%. 

C6H5C=NNH2  _ ^  C6H5CN2  _ ^  C6H5C-N^  _ ^ 

C0H5CO  V  C6H5CO  C<;Hr,C-(y 

(C6H5)2C=C=0  +  n2 

Aliphatic  diketones  such  as  biacetyl  do  not  react  with  diazomethane, 
but  benzils  give  methylene  ethers  of  the  corresponding  enediols.12 

CH2 

/  \ 

0  0  ?  ? 

ArC-CAr  +  CH2N2  - >  ArC  CAr  +  N2 

The  diazomethane  method  is  of  especial  importance  in  the  alicyclic 
series  because  it  brings  about  ring  enlargement.  It  was  found  that 
cyclohexanone,  for  example,  gives  a  mixture  of  cycloheptanone  and 
cyclooctanone,  the  seven-membered  ketone  being  the  chief  product. 
The  principal  product  from  cyclopen tanone  is  cycloheptanone  also.13 

Ring  expansion  by  this  method  has  been  carried  out  on  a  large  scale 
by  introducing  nitrosomethylurethan  gradually  into  a  mixture  of  the 
cyclic  ketone,  an  alcohol,  and  an  alkaline  catalyst.  Presumably  diazo¬ 
methane  is  an  intermediate.  By  this  procedure  cyclohexanone  is  con¬ 
verted  into  cycloheptanone  and  the  isomeric  epoxide  in  a  ratio  of  about 
four  to  one. 

CH2CH2CH2X 

I  CO  +  n2 

ch2ch2ch/ 

/CH2CH2x  /Ox 

ch2  c — ch2  +  n2 

nch2ch2' 

The  yield  ol  ketone  is  63%  in  the  preparation  of  cycloheptanone,  45% 
for  the  octanone,  and  about  20%  for  the  nonanone  and  decanone. 

The  process  of  ring  enlargement  does  not,  of  course,  stop  when  one 
methylene  group  has  been  introduced  and  therefore  yields  a  mixture  of 
ketones.  The  action  of  diazomethane  on  ketene  affords  an  interesting 

12  Biltz  and  Paetzold,  Ann.,  433,  64  (1923). 

11  Mosettig  and  Burger, Am.  Chem.  So c.’  62,  3456  (1930). 


/CH2CH2X 

CH2  CO  +  CHoN2  - 1 

'CH2CH/ 
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example.  In  an  attempt  to  use  this  method  in  the  preparation  of  cyclo- 
propanone  by  treating  ketene  with  diazomethane  it  was  found  that  the 
chief  pioduct  is  cyclobutanone;  presumably  cyclopropan  one  is  an  inter¬ 
mediate.  By  use  of  an  excess  of  ketene  with  diazomethane  it  is  possible 
to  isolate  the  hydrate  and  hemiacetal  of  cyclopropanone.14 

It  may  be  noted  here  that  an  analogous  reaction  occurs  with  phenyl 
isocyanate,  which  reacts  with  diazomethane  to  produce  a  four-membered 
ring  compound,  the  /3-lactam  of  N-phenyl-0-alanine.15 


C6H5N=C=0 


[C6H5N- 


-C=0] 


c6h5-n — c=o 


XCH/  CH2-CH2 

Apparently  the  carbon-nitrogen  double  bond  is  attacked  preferentially, 
a  three-membered  lactam  being  an  intermediate. 

The  Arndt-Eistert  Reaction.  The  problem  of  going  from  an  acid  to 
its  next  higher  homolog  is  of  importance  especially  in  connection  with 
the  study  of  the  more  complex  acids  that  occur  in  natural  products. 
Among  the  most  useful  methods  for  doing  this  is  the  Arndt-Eistert 
reaction  (OR  1,  38).  The  first  step  of  the  process  consists  in  treating 
an  acid  chloride  with  diazomethane  in  excess,  the  corresponding  diazo¬ 
ketone  being  formed. 


O 


O 


RC-C1  +  CH2N2  - >  RC-CHNo  +  HC1 

Unless  the  diazomethane  is  in  excess,  a  halomethyl  ketone  is  produced 
by  the  action  of  hydrogen  chloride  on  the  diazo  ketone. 

O  O 

RC-CHN2  +  HC1  - >  RC-CHoCl  +  N2 

Benzyl  chloromethyl  ketone  can  be  made  in  an  85%  yield  from  phenyl- 
acetyl  chloride  by  this  method  (OS  26,  13). 

In  the  presence  of  metallic  silver  and  water  the  diazoketone  is  con¬ 
verted  to  an  acid  which  is  the  next  higher  homolog  of  the  parent  acid. 

rcochn2  +  H20  -^4  rch2co2h  +  n2 

If  the  decomposition  is  carried  out  in  the  presence  of  alcohol  or  ammonia, 
the  product  is  the  corresponding  ester  or  amide,  respectively. 

RCOCHN2  +  R'OH  -4*4  RCH2C02R'  +  n2 

rcochn2  +  NH3  —4  rch2conh2  +  n2 

14  Lipp  and  Koster,  Ber.,  64B,  2>S23  (1931). 

16  Sheehan  and  Izzo,  J.  Am.  Chem.  Soc.,  70,  1985  (1948). 
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Presumably  the  ketene  is  an  intermediate  and  reacts  with  water,  alcohol, 
or  ammonia  to  give,  respectively,  an  acid,  an  ester,  or  an  amide.  . 

The  Arndt-Eistert  method  has  the  advantage  that  the  product,  being 
an  acid,  may  serve  as  starting  material  for  making  still  higher  hom¬ 
ologs.  The  yield  is  50-80%  of  the  theoretical  amount.  It  is  an  ideal 
method  when  only  a  small  amount  of  material  is  required. 

The  following  diagram  shows  the  usual  routes  by  which  an  acid  is 
formed  from  its  next  lower  homolog. 


RC02H 

l 

RCO2R 


RCOCN 

S 

RCOC1 

N 

^  RCHO 

- »  RCH2OH 


RCOCO2H 
»  RCOCHN2 

RCH2CN  - »  RCH2CO2H 

T  t 

■»  RCH2Br  - >  RCH2MgBr 


It  is  important  to  notice  that,  of  all  the  methods  for  converting  an  acid 
to  the  next  higher  homolog,  the  Arndt-Eistert  is  the  only  one  that  does 
not  involve  reduction.  For  this  reason  it  is  extremely  useful  for  com¬ 
pounds  that  contain  nitro,  quinone,  keto,  lactone,  ester,  or  other  groups 
which  would  be  attacked  by  reducing  agents.  An  example  is  the  con¬ 
version  of  o-nitrobenzoic  acid  into  o-nitrophenylacetic  acid. 

^Nno,  /Nno,  /\no. 


V 


COC1 


V 


cochn2 


s/ 


ch2co2h 


Diazonium  Salts 

One  of  the  most  valuable  methods  for  the  indirect  introduction  of 
substituents  into  aromatic  rings  involves  replacement  of  diazonium 
gioups  formed  by  diazotization  of  the  corresponding  amines.  Xhe  di¬ 
azonium  salts  also  undergo  a  variety  of  transformations  in  which  the 
nitrogen  atoms  are  retained.  Perhaps  the  most  important  of  these 
reactions  is  coupling  with  aromatic  nuclei  to  produce  azo  compounds. 

Reduction.  Aromatic  diazo  compounds  are  readily  reduced  to  the 
corresponding  arylhydrazines  by  treatment  with  sodium  sulfite-  the 
product  is  the  salt  of  the  hydrazinesulfonic  acid,  which  yields  the  hydra 

nlerosT  44?  T!th  hyf;°Khl°"C  acid'  Phenylhydrazine  is  an  exam- 
pie  (Ub  1,  442).  The  yield,  based  on  aniline,  is  84%. 

C6H5N2C1  ►  C6H5NHNHS03Na  - ►  C6H5NHNHo 

If  no  easily  reducible  groups  (such  as  nitro)  are  present,  stannous  chlo- 
ride  in  acid  solution  may  serve  as  the  reducing  agent. 
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Azo  compounds  undergo  reductive  cleavage  with  reducing  agents 
such  as  sodium  hydrosulfite  to  yield  the  corresponding  aniline  deriva¬ 
tives.  This  reaction  has  been  made  the  basis  of  a  procedure  for  intro¬ 
ducing  amino  groups  into  phenols  and  their  ethers.  An  example  is  the 
synthesis  of  1,4-aminonaphthol  by  reduction  of  Orange  I  (OS  II,  39). 


OH  OH 

rA/\  S\/\ 


Orange  I 


l-Amino-2-naphthol  is  produced  from  2-naphthol  in  a  similar  way, 
Orange  II  being  the  intermediate  (OS  II,  35). 


N=N^  ^>S03Na 


W 


Orange  II 


'VV' 


A  remarkable  example  of  this  method  of  indirect  amination  is  the 
synthesis  of  p-phenetidine.  Diazotized  p-phenetidine  is  coupled  with 
phenol,  and  the  azo  compound  is  ethylated.  Reduction  of  the  azo- 
phenetole  yields  two  moles  of  the  amine  employed  as  a  raw  material.16 

c2h5°<^3/>n2ci + <i>h  — * 

C2h5°<3n^<3°h  — ► 

C2H5oO»OoC2H5  - ►  2C2H.,Q<^  ^>nh2 

Coupling  with  Phenols  and  Anilines.  Aromatic  diazo  compounds 
react  with  phenols  and  anilines  by  replacement  of  hydrogen  on  oxygen, 
nitrogen,  or  carbon.  The  usual  product,  however,  is  an  azo  compound 
resulting  from  attack  of  the  nucleus,  the  para  position  being  preferred. 
An  example  is  the  formation  of  p-hydroxyazobenzene. 

/  \n2C1  +  <3oH - ►  0N=N  <3oh  +  HC1 


16  Jacobson  and  Meyer,  Ann.,  287,  212  (1895). 
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It  has  been  established  that  the  reaction  with  phenols  involves  attack 
of  the  phenoxide  ion  by  the  diazonium  ion.17  However,  the  alkali  re¬ 
quired  to  produce  the  phenoxide  ion  has  an  untoward  action  on  the 
diazonium  compound,  eventually  converting  it  to  the  anfo'-diazotate, 
which  is  ineffective  in  coupling.  It  is  usual,  therefore,  to  regulate  the 
acidity  of  the  solution  by  the  addition  of  the  salt  of  a  weak  acid.  Sodium 
acetate,  sodium  carbonate,  and  sodium  bicarbonate  commonly  serve  in 
this  capacity  in  the  manufacture  of  azo  dyes. 

It  is  understandable  that  the  coupling  power  of  phenols  virtually 
disappears  when  they  are  converted  to  ethers.  Aromatic  amines,  how¬ 
ever,  have  nuclei  sufficiently  sensitive  to  permit  coupling.  Dimethyl- 
aniline  yields  p-dimethylaminoazobenzene. 


In  acid  solution  the  reactivity  of  aromatic  amines  is  diminished  by  salt 
formation,  the  positive  ammonium  ion  operating  to  lower  the  electron 
density  of  the  ring.  For  this  reason  amines  are  coupled  in  neutral  or 
very  weakly  acid  solutions. 

1-Naphthol  couples  with  benzenediazonium  chloride  to  give  chiefly 
the  1,4  derivative  (I),  the  2,4-bisazo  compound  (II)  being  a  by-product 
(OS  I,  49). 


OH 

AA 


OH 

A\/\n=nc«h. 


n=nc6h5  n=nc6h5 

I  II 


Methyl  red,  the  well-known  indicator,  is  made  in  a  66%  yield  by 
coupling  dimethylaniline  with  diazotized  anthranilic  acid  (OS  I,  374) 


V 


co2h 
n2ci 


+  <^3>N(CH3)2 


—  HC1 


S\ 


■¥ 


co2h 


n=nA  % 


3)2 


Diazotized  sulfanilic  acid  couples  with  2-naphthol,  yielding  the  1  ‘ 
derivative  (OS  II,  35).  ywiuing  tne  1,. 

17  Wistar  and  Bartlett,  J.  Am.  Chem.  Soc.,  63,  413  (1941). 
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OH 


W 


+  N2<3S03-  +  NaOH 


N=N<^ 

\/\J 


>S03Na 


+  h2o 


Primary  and  secondary  aromatic  amines  yield  N-azo  derivatives, 
that  from  aniline  and  benzenediazonium  chloride  being  diazoamino- 
benzene  (OS  II,  163;  73%  yield). 


C6H5NH2  +  C6H5N2CI  +  CH3C02Na 


C6H5NHN=NC6H5  4-  NaCl  +  CH3C02H 


In  the  presence  of  acids  the  diazoamino  compounds  isomerize  to  the 
corresponding  aminoazo  derivatives,  the  usual  product  being  the  para 
isomer. 


nhn=nc6h5 

A 

V 


nh2 

/\ 


\/ 

n=nc6h5 


It  is  thought  that  the  diazoamino  compound  undergoes  cleavage  to  the 
amine  and  diazonium  salt,  which  then  undergo  coupling. 

Cyclic  diazoamino  compounds  may  be  produced  by  treatment  of 
o-diamino  compounds  with  enough  nitrous  acid  to  diazotize  one  of  the 
amino  groups.  o-Phenylenediamine  itself  yields  1,2,3-benzotriazole 
(OS  20,  16;  81%  yield). 


/Nnh 


l2  HONO 


-» 


s/ 


NHs 


/\n=noh 
nh2 


-h20 


N 


-> 


\ 


N 


NH 


The  formation  of  aromatic  azo  compounds  by  coupling  occurs  not 
only  with  phenols  and  amines  but  also  with  other  aromatic  compounds 
that  have  very  reactive  nuclei.  Pyrrole  is  an  example;  it  couples  with 
benzenediazonium  chloride  in  weakly  acid  solution  to  yield  both  alpha 
and  beta  derivatives,  the  former  predominating. 
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CH - CH 


N 

H 


CH- 

-CH 

11 

CH 

cn=nc6h 

\ 

/ 

N 

H 


CH— 

-cn-nc6h 

and 

11 

CH 

CH 

\  / 
N 

H 


Since  coupling  involves  attack  of  the  aromatic  nucleus  by  the  positive 

diazo  ion,  [ArN=N]+,  it  is  not  surprising  that  nuclear  substituents  in 
the  diazonium  ion  influence  its  coupling  power.  Nitro  groups  in  ortho 
or  para  positions,  for  example,  promote  coupling.  Diazotized  picramide 
is  able  to  couple  with  mesitylene.18  The  electron  impoverishment  of 
the  ring  accentuates  the  electron  deficit  of  the  diazo  group,  thus  en¬ 
hancing  its  electrophilic  character. 

Coupling  with  Enols.  Aromatic  diazo  compounds  react  with  the  enol 
forms  of  /3-diketones  and  /3-ketonic  esters  to  produce  hydrazones.  The 
O-azo  compounds,  which  are  formed  initially,  appear  to  rearrange  to 
C-azo  compounds,  which  in  turn  are  converted  to  hydrazones.  This 
type  of  coupling,  known  as  the  Japp-Klingemann  reaction,  serves  to 
detect  the  presence  of  enolic  forms.  An  example  is  the  reaction  of  ethyl 
acetoacetate  with  benzenediazonium  chloride. 


ON=NCgH5 

CH3C-CHCO2C2H5 


O 

CH3CCHC02C2H5 

n=nc6h5 


CH3COCC02C9H5 

nnhc6h5 


If  the  azo  group  is  attached  to  a  tertiary  carbon  atom,  one  of  the  acyl 

groups  is  removed  by  cleavage  to  make  hydrazone  formation  possible 

Thus  ethyl  methylacetoacetate  yields  the  phenylhydrazone  of  ethyl 
pyruvate. 

CH3 

ch3cocco2c2h5  — >  ch3cco2c2h5 
n=nc6h5  nnhc6h5 


If  the  sodium  salt  is  employed,  the  carboxyl  group  is  lost  in  preference 
to  the  acetyl  group,  the  product  being  the  phenylhydrazone  of  biacetyl 
Replacement  by  Hydroxyl.  When  an  aqueous  diazonium  salt  solu 
tion  is  allowed  to  decompose,  the  corresponding  phenol  is  formed  The 

to' Z!!  TSt  r6  ried  °Ut  'n  a  strongly  acid  solution,  however 
to  prevent  coupling  of  the  phenol  with  the  diazonium  comnound  Tl  ’ 

rate  of  decomposition  varies  greatly  with  the  structure  of  the  com- 

l  Meyer  and  Tochtermann,  Ber.,  54,  2283  (1921). 

anske,  Perkin,  and  Robinson,  J.  Chem.  Soc.,  2  (1927). 
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pound, ^being  especially  sluggish  when  nitro,  chloro,  or  alkoxyl  substitu¬ 
ents  are  present. 

Pei  haps  the  most  satisfactory  procedure  is  to  isolate  the  diazonium 
salt  and  add  it,  while  still  damp,  to  boiling  water  or  sulfuric  acid.  m-IIy- 
droxybenzaldehyde  is  produced  in  64%  yields,  for  example,  when  the 
complex  salt  of  the  corresponding  diazonium  chloride  and  stannic 
chloride  is  added  portionwise  to  boiling  water  (OS  25,  55). 


x\ 

N2C1 

"T  H20  - \ 

A 

kx 

kx 

OH 


+  N2  +  HC1 


CHO 


CHO 


In  a  similar  way,  diazotized  m-nitroaniline  is  converted  to  m-nitro- 
phenol,  the  corresponding  diazonium  sulfate  being  added  to  a  boiling 
(160°)  sulfuric  acid  solution  (OS  I,  404). 


x\ 

n2oso3h 

kx 

+  H20  - 4 

k/ 

no2 

NO 

OH 


+  N2  -f-  h2so4 


Diazotized  3-bromo-p-toluidine  is  converted  to  3-bromo-4-hydroxy- 
toluene  in  a  similar  way  (OS  23,  11). 

Replacement  by  Hydrogen.  Deamination  of  a  primary  aromatic 
amine  is  often  carried  out  as  a  step  in  the  synthesis  of  aromatic  com¬ 
pounds  in  which  the  substituents  occupy  positions  that  they  would  not 
normally  take  when  introduced  by  direct  substitution.  An  example  is 
m-nitrotoluene,  which  forms  only  in  small  amounts  when  toluene  is 
nitrated.  Nitration  of  p-acetotoluide,  however,  followed  by  elimination 
of  the  acetamino  group,  is  a  satisfactory  synthetic  method.  The  re¬ 
placement  of  the  diazonium  group  in  the  diazotized  nitrotoluidine  is 
accomplished  by  allowing  decomposition  to  occur  in  ethanol,  which  is 
oxidized  to  acetaldehyde  (OS  I,  415).  The  yield  of  m-nitrotoluene, 
based  on  the  nitro  amine,  is  72%. 


CHq 

CH 

x\ 

+  C2H5OH  ► 

kx 

no2 

kk 

+  CH3CHO  +  N2  +  H0SO4 


NO, 


n2oso3h 


The  use  of  ethanol  as  the  reducing  agent  is  to  be  recommended  only 
with  compounds  that  contain  electron-withdrawing  groups  or  atoms. 
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preferably  ortho  to  the  diazonium  group.  1,3,5-Tribromobenzene,  for 
example,  is  formed  in  a  71%  yield  when  tribromoaniline  sulfate  is  di- 
azotized  in  hot  ethanolic  solution  (OS  II,  592). 


n2oso3h 

Brr^NBr 


Br 


+  c2h5oh 


Br 


+  N2  +  CH3CHO  +  H2S04 


Br 


Br 


In  some  cases  replacement  is  facilitated  if  copper  or  copper  bronze  is 
added  to  catalyze  the  decomposition  of  the  diazonium  salt.  An  example 
is  the  last  step  in  the  classical  synthesis  of  ?n-bromotoluene  from  p-tolui- 
dine  (OS  I,  133). 


CH3 

/\ 


Br 


+  C2H5OH 


Cu 


ch3 


V 

n2oso3h 


V 


Br 


+  N2  +  CH3CHO  +  h2so4 


Copper  salts  are  also  effective.  m-Iodobenzoic  acid,  for  example,  is 
obtained  in  high  yield  by  the  decomposition  of  diazotized  5-iodoanthra- 
nilic  acid  in  the  presence  of  ethanol  and  a  small  amount  of  copper  sulfate 
(OS  II,  353). 

CO.H  COoH 


N2C1 

V 

I 

V 

One  of  the  newer  replacement  procedures  is  based  on  the  discovery 
that  addition  of  molar  amounts  of  2-hydroxy-l-naphthaIenesulfonic 
acid  or  1,5-naphthalenedisulfonic  acid  to  a  diazotized  solution  of  an 
amine  causes  the  diazonium  salt  to  precipitate  in  a  stabilized  form.  The 
deamination  is  completed  by  reducing  the  dry  salt  at  room  temperature 
in  ethanol  containing  zinc  or  copper.20 

In  general,  alcohols  are  not  satisfactory  reducing  agents  because  of 
ether  formation.  Indeed,  introduction  of  alkoxyl  groups  in  this  manner 
can  be  effected  in  some  instances  on  a  preparative  scale. 

Fortunately,  a  number  of  other  methods  are  available  for  the  replace¬ 
ment  of  a  diazonium  group  by  hydrogen  (OR  2,  262).  A  superior  reduc¬ 
ing  agent  is  hypophosphorous  acid.  It  has  been  employed  successfully 

W  '  a  W‘de  Vanety  of  amines  and  ^  convenient  to  use.  The  conversion 

0  Ilodgson  and  Marsden,  J.  Chem.  Soc.,  207  (1940). 
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of  o-dianisidine  to  3,3'-dimethoxybiphenyl  is  an  example  (OS  21,  30- 
78%  yield). 


>NH2 

ch3o  och3 


HC1 

JIONO 


> 


clN2<d^ — ^  ^>N2C1  <(  )> — ^  ^ 

ch3o  och3  ch3o  ^==och3 


Alkaline  formaldehyde  is  effective  also  as  a  reducing  agent  for  di- 
azonium  salts,  being  particularly  useful  with  those  compounds  for  which 
ethanol  is  of  little  or  no  value  (OR  2,  282). 

The  Sandmeyer  Reaction.  When  diazonium  salts  are  decomposed 
in  the  presence  of  halogen  acids,  the  diazonium  group  is  replaced  by 
halogen.  However,  hydrogen  chloride  and  hydrogen  bromide  give  low 
yields.  It  was  discovered  by  Sandmeyer  in  1884  that  cuprous  chloride 
and  cuprous  bromide  are  effective  catalysts  for  the  reaction  and  that 
cuprous  cyanide  plays  a  similar  role  in  the  replacement  of  a  diazonium 
group  by  the  cyanogen  group.  This  type  of  replacement,  called  the 
Sandmeyer  reaction,  is  known  to  occur  with  other  catalysts,  but  only 
rarely  do  they  give  yields  as  high  as  those  obtained  by  use  of  the  cuprous 
salts  (CR  40,  251). 

In  synthetic  work  it  is  usual  to  allow  the  freshly  prepared  diazonium 
halide  to  flow  into  a  boiling  10%  solution  of  the  cuprous  halide  in  the 
appropriate  halogen  acid,  the  aryl  halide  being  removed  by  steam  dis¬ 
tillation.  By  this  method,  for  example,  o-  and  p-chlorotoluene  can  be 
prepared  in  79%  yields  (OS  I,  17Q). 

ch3c6h4n2ci  ch3c6h4ci  +  n2 


m-Chloronitrobenzene  (OS  I,  162)  and  m-chlorobenzaldehyde  (OS  II, 
130)  are  made  in  a  similar  way. 


//  \ 

N2C1  CuCl 

r  i 

- > 

+  NS 


NOs 


NOs 


fAN2Cl  CuCl 


rAci 


+  N2 


\/ 

CHO 


CHO 
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THE  SANDMEYER  REACTION 

In  the  Sandmeyer  reaction  a  double  salt  is  formed  by  combination  of 
equimolecular  amounts  of  the  diazonium  halide  and  the  cuprous  halide. 
For  this  reason  it  is  necessary  to  employ  a  mole  of  the  catalyst  for  each 
mole  of  the  diazonium  salt. 

The  procedure  for  bromides  is  similar  except  that  cuprous  bromide  is 
employed  together  with  hydrobromic  acid.  An  example  of  this  type 
of  replacement  is  the  conversion  of  o-chlorobenzenediazonium  bromide 
to  o-bromochlorobenzene  (OS  24,  22). 


/\n 


-Br 


CuBr 


V 


Cl 


Br 

Cl 


+  Nj 


o-Bromotoluene  forms  when  the  corresponding  diazonium  bromide  is 
treated  with  copper  powder  (OS  I,  135). 

Diazonium  sulfates  can  be  employed  also.  Thus,  when  p-toluenedi- 
azonium  sulfate  is  added  to  a  solution  of  cuprous  bromide  in  hydro¬ 
bromic  acid,  p-bromotoluene  is  formed  in  a  73%  yield  (OS  I,  136). 


cH3<r>N3°s°3H + HBr  cn3<r>r + n2 + h2so4 


Replacement  of  amino  groups  by  bromine  has  been  effected  also  by 
passing  nitiogen  tiioxide  into  a  solution  of  the  amine  in  a  mixture  of 
acetic  and  hydrobromic  acids.  This  method  is  recommended  for  amines, 

in  which  the  nucleus  is  not  attacked  by  bromine  under  the  conditions 
employed.21 

Replacement  by  a  cyano  group  is  effected  by  adding  a  neutral  solu¬ 
tion  of  a  diazonium  salt  to  a  cuprous  cyanide  solution.  For  example, 

o-  and  p-tolunitrile  are  made  from  the  corresponding  diazotized  tolui- 
dmes  by  this  method  (OS  I,  514). 


CH3C0H4N2C1  +  CuCN  - ►  CH3C6H4CN  +  N2  +  CuCl 

In  a  number  of  cases  in  which  the  Sandmeyer  procedure  fails  or  gives 

.  y'e  ';S  !t  18  P°S8ll;le 10  effect  replacement  satisfactorily  by  decomposi¬ 
tion  of  the  complex  formed  by  the  diazonium  salt  and  the  correspZil 
mercuric  halide.  Thus,  2,2'-dibromobiphenyl,  otherwise  difficult 
come  by,  can  be  made  in  good  yield  in  this  way  *  '  t0 

1  Neuman  and  Foies,  J.  Am.  Chem.  Soc.,  69,  1221  (1947) 

2  Schwechten,  Ber.,  65,  1605  (1932). 
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\^/N2Br  •  HgBr2 

J\ i 


Br 


N2Br  HgBr2 


+  2N2  +  2HgBr2 


Br 


V 


Replacement  by  Iodine.  Replacement  of  the  diazonium  group  by 
iodine  differs  from  replacement  by  chlorine  or  bromine.  Diazonium 
iodides  are  so  unstable  that  they  have  not  been  isolated.  When  a  solu¬ 
tion  of  a  diazonium  chloride  or  sulfate  is  mixed  with  one  of  potassium 
iodide,  nitrogen  is  evolved  and  the  aryl  iodide  is  formed.  By  this  pro¬ 
cedure  diazotized  diiodo-p-aminobenzoic  acid  gives  3,4,5-triiodobenzoic 
acid  in  high  yields. 


C02H 


A 

A 

s/1 

*k/ 

nh2 

I 

C02H 


I 


In  a  similar  way  p-ami  nophenol  can  be  converted  to  p-iodophenol 
(OS  II,  355).  Another  example  is  the  conversion  of  2,6-diiodo-4-nitro- 
aniline  to  l,2,3-triiodo-5-nitrobenzene  (OS  II,  604).  The  yield  is  very 
high. 


no2 

no2 

A 

A 

\)1 

1— 1 

> 

H- 1 

r 

nh2 

I 

Replacement  by  Fluorine.  The  Schiemann  Reaction.  If  fluoboric 
acid  is  added  to  a  solution  of  a  diazonium  salt,  the  corresponding  di¬ 
azonium  fluoborate  separates  and  can  be  washed  and  dried.  Heat  de¬ 
composes  the  salt  to  an  aryl  fluoride  and  fluoboric  acid.  This  method 
of  replacing  a  diazonium  group  by  fluorine,  credited  to  Schiemann 
(OR  5,  193) ,  is  made  possible  because  the  diazonium  fluoborates  are 
very  stable  and  can  be  manipulated  with  safety.  An  illustration  of  the 
Schiemann  method  is  the  preparation  of  fluorobenzene  from  benzene- 
diazonium  chloride  (OS  II,  295). 

HBF4  TT  AT  _ . 

C0H5N2C1  - V  C6H5N2BF4  - > 

The  yield,  based  on  the  aniline,  is  57%. 


C0H5F 
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Another  example  is  the  conversion  of  benzidine  to  4,4'-difluorobi- 
phenyl  (OS  II,  188). 


The  yield,  based  on  the  fluoborate,  is  81%. 

A  similar  series  of  changes  is  involved  in  the  preparation  of  ethyl 
p-fluorobenzoate  from  ethyl  7;-aminobenzoate  (OS  II,  299).  The  de¬ 
composition  of  the  fluoborate  affords  an  89%  yield. 

An  example  of  uncommon  interest  is  the  synthesis  of  5-fluoro- 
3-methylpyridine  from  5-amino-3-methylpyridine.23 


ch3/\nh 


CH; 


/VtsBE, 


\  // 
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CH: 


\  // 

N 


\  // 
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This  transformation  illustrates  the  normal  behavior  of  3-aminopyridines, 
as  contrasted  with  that  of  the  2  and  4  isomers  (p.  521). 

Replacement  by  Nitro.  Treatment  of  a  diazonium  borofluoride  with 
sodium  nitrite  in  the  presence  of  copper  brings  about  replacement  of  the 
diazonium  group  by  a  nitro  group.  This  method  is  illustrated  by  the 
conversion  of  o-nitroaniline  into  o-dinitrobenzene  (OS  II  226-  38% 
yield).  7  ’  /0 


NH, 

NO* 


+  HONO  +  HBF, 


n2bf, 


n2bf, 

no2 


+  NaN02 


Cu 


NO; 

\/N05 


+  2H20 


+  N2  +  NaBF4 


The  method  is  employed  also  in  the  preparation  of  p-dinitrobenzene 
rom  p-mtroamlme  (OS  II,  225;  82%  yield).  The  same  transformation 

Ldiumnitrle  Th  y  P-nitrob<™enediazonium  sulfate  with 

sodium  nitrite.  This  method  is  strange  in  that  it  involves  conversion  of 

an  amine  to  a  nitro  compound,  whereas  amines  are  normally  made  ™ 

nitro  compounds.  In  these  two  cases,  however  it  “s  the  o2  !• < 
tory  procedure.  *  ls  onv  satisfac- 


23  Hawkins  and  Roc,  J.  Org.  Chcm.,  14,  328  (1949). 
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Another  compound  for  which  replacement  of  an  amino  group  affords 
the  only  good  preparative  method  is  2-nitronaphthalene.  This  com¬ 
pound  is  not  produced  by  nitration  of  naphthalene  (p.  294)  but  can  be 
made  readily  from  2-naphthylamine. 

In  this  category  also  is  1,4-dinitronaphthalene,  which  can  be  produced 
in  fairly  good  yields  (60%)  from  4-nitro-l-naphthylamine  (OS  28,  52). 
The  replacement  is  effected  by  adding  a  solution  of  the  diazonium  sulfate 
to  a  solution  of  sodium  nitrite.  The  reaction  is  catalyzed  by  a  cupro- 
cupri  sulfite  prepared  by  the  interaction  of  copper  sulfate  and  sodium 
sulfite. 

The  Bart  Reaction.  The  most  useful  method  of  preparing  aromatic 
arsonic  acids  consists  in  the  treatment  of  diazonium  salts  with  sodium 
arsenite  (OR  2,  415).  The  procedure,  originated  by  Bart,  has  been 
improved  by  various  modifications,  one  of  the  most  satisfactory  of 
which  is  illustrated  by  the  synthesis  of  p-nitrophenylarsonic  acid.  The 
sodium  salt  of  this  acid  is  formed  by  allowing  p-nitrobenzenediazonium 
borofluoride  to  react  with  sodium  metaarsenite  in  the  presence  of  sodium 
hydroxide  and  cuprous  chloride  (OS  26,  60). 


\/ 

N02 


+  NaAs02  +  2NaOH 


CuCl 

- > 


As03Na2 

A 

N2  4“  H20  4~  NaBF4 

A 

no2 


The  acid  may  be  obtained  in  a  79%  yield. 

Diazotized  aniline  reacts  with  sodium  arsenite  in  the  presence  of 
copper  sulfate  to  produce  sodium  phenylarsonate  (OS  II,  494;  45% 

yield). 

C6H5N2C1  +  Na3As03  C6H5As03Na2  +  N2  +  NaCl 

Formation  of  Thiophenols,  Aryl  Sulfides,  and  Sulfinic  Acids.  Diazo¬ 
nium  salts  react  with  potassium  ethyl  xanthate  to  form  diazo  xanthates, 
which  lose  nitrogen  when  warmed.  The  S-aryl  ethyl  xanthates  that 
are  produced  can  be  converted  to  thiophenols  by  alkaline  hydiolysis. 
The  synthesis  of  m-thiocresol  is  illustrative  (OS  27,  81). 
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Thiophenols  can  also  be  made  from  diazonium  salts  by  way  of  the 
S-arylisothiouronium  salts,  which  form  when  thiourea  is  introduced  into 
solutions  of  diazotized  amines.  The  S-arylisothiouronium  salts  are  con¬ 
verted  to  thiophenols  by  alkaline  hydrolysis  (p.  122). 

Another  indirect  method  for  preparing  thiophenols  from  diazonium 
compounds  involves  the  intermediate  formation  of  the  corresponding 
disulfides,  which  can  be  achieved  by  treating  solutions  of  diazotized 
amines  with  sodium  disulfide.  An  example  is  the  conversion  of  anthra- 
nilic  acid  to  thiosalicylic  acid  (OS  II,  580). 


C02H 


nh2 

K/ 

co2h 

N2C1 


co2h  co2h 

i^Nss/\ 


co2h 


The  last  step  is  accomplished  by  reduction  with  zinc  and  acetic  acid. 

Aryl  sulfides  may  be  produced  by  treating  diazonium  salts  with  sodium 
sulfide. 

2ArN2X  +  Na2S  - >  Ar2S  +  2NaX  +  2N2 

Unsymmetrical  sulfides  may  be  obtained  by  employing  sodium  salts 
of  mercaptans  or  thiophenols. 


ArN2X  +  RSNa  - »  ArSR  +  NaX  +  N2 

When  sulfur  dioxide  is  passed  into  the  solution  of  a  diazotized  amine 
in  the  presence  of  copper  powder,  a  sulfinie  acid  is  formed. 


ArN20S03H  +  2S02  +  2H20 


ArS02H  +  N2  +  2H2S04 


Replacement  by  Aryl  Radicals. 

duced  by  finely  divided  metals  such 


Diazonium  compounds  can  be  re- 
as  copper  and  zinc  in  acid  solution, 
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01  by  cuprous  suits  in  alkaline  solution,  to  effect  loss  of  nitrogen  and 
coupling  of  two  aryl  radicals.  The  use  of  finely  divided  copper  is  the 
Gattermann  method.  Substituents  have  a  profound  influence,  nitro 
groups  in  the  ortho  position  exerting  the  most  favorable  effect.  An  ex¬ 
ample  is  the  preparation  of  2,2'-dinitrobiphenyl  from  diazotized  o-nitro- 
aniline. 


SO4  T  2Cu 


/>  +  2Cu+  +  2Na  +  so< 

no2  noT 


Diphenic  acid  is  made  in  high  yields  from  diazotized  anthranilic  acid 
by  treatment  with  ammoniacal  cuprous  salts  (OS  I,  222). 


co2h 

2  /“W  +  2Cu+  NH4°H>  <3c02H  +  2N2  +  2Cu++ 

<3>c°2H 


An  important  technical  procedure  is  based  on  this  type  of  reaction. 
8-Amino-l-naphthoic  acid  is  converted  by  diazotization  and  treatment 
with  ammoniacal  cuprous  oxide  to  l,T-binaphthyl-8,8'-dicarboxylic 
acid,  an  intermediate  in  the  preparation  of  anthanthrone. 


8C02H 

NHa 


Another  example  of  this  method  is  the  formation  of  5,5'-dimethoxydi- 
phenic  acid  from  2-amino-4-methoxybenzoic  acid.21 

C02H  co2h  co2h 

/\n2ci  cuoh  f\ — 
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Two  general  procedures  have  been  developed  for  the  repiacement  of 
amino  groups  by  aryl  radicals  to  produce  asymmetrical  biaryls  (OR  , 

24  Ficser,  J.  Am.  Chem.  Soc.,  51,  2471  (1929). 
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224).  The  diazo  method  consists  in  treating  the  diazotized  amine  with 
'  alkali  in  the  presence  of  a  liquid  aromatic  compound.  For  example, 
p-bromobiphenyl  is  made  in  a  yield  of  35%  by  treating  benzene  with 
p-bromobenzenediazonium  chloride  in  the  presence  of  sodium  hydroxide 

(OS  I,  113). 

BrC6H4N2Cl  +  C6H6  +  NaOH - >  BrC6H4C6H5  +  N2  +  NaCl+H20 

The  p-bromobenzenediazo  hydroxide  escapes  into  the  benzene  layer  and 
decomposes. 

The  other  procedure  is  to  nitrosate  the  acetylated  amine  and  allow 
the  compound  to  decompose  in  a  liquid  aromatic  compound.  It  is  con¬ 
sidered  that  nitrosoacetanilide  is  tautomeric  with  benzenediazoacetate. 

/NO 

c6h5n  ;=±  C6H5N=NOCOCH3 

ncoch3 


It  is  not  surprising  then  that  the  nitroso  compound  and  the  benzene- 
diazo  hydroxide  yield  the  same  product.  In  fact,  they  appear  to  react 
by  the  same  mechanism,  which  involves  formation  of  free  phenyl  radicals. 

The  mechanism  of  the  reaction  between  nitroso-ra-nitroacetanilide  and 
benzene  has  been  represented  as  follows. 


/NO  V 

N02C6H4N  - y  N02C6H4-  +  N2  +  CH3CO- 

nCOCH3 

N02C6H4  •  +  CgH6  - y  N02C6H4-C6H5  +  H- 


The  probable  fate  of  the  acetyl  group  is  represented  by  the  following 
equations. 


O 

CH3CO-  +  H 
0 

CH3CO 
CH3  ♦  -J-  H 


O 

ch3coh 

* 

CH3.  -j-  co2 

ch4 


In  accord  with  the  free  radical  mechanism  is  the  fact  that,  when  the 
ary  group  becomes  attached  to  a  ring  bearing  a  substituent,  it  alwavs 
takes  an  ortho  or  a  para  position.  Even  nitrobenzene  yields  ortho  and 
para  derivatives.  Free  radicals  are  known  to  react  in  this  way. 

hJs  method  has  been  used  successfully  in  the  synthesis  of  p- terphenyl 
and  its  derivatives;  the  yields  are  50-60%  of  the  theory.25 

26  France,  Heilbron,  and  Hey,  J.  Chem.  Soc ,  1364  (1938);  1283  (1939). 
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NO 

*\  ^/>~<\ _ VcOCH3  +  C6H6  - ►  p-terphenyl 

NO  NO  ^ 

cW<3*COCH,  +  2C6H6  J 

I 


The  most  satisfactory  method  for  making  p-terphenyl  is  from  I. 

The  Pschorr  ring  closure  method  involves  intramolecular  coupling  of  a 
diazo  compound.  The  first  step  is  a  Perkin  condensation  between  an 
arylacetic  acid  and  an  o-nitrobenzaldehyde.  The  synthesis  of  the  car¬ 
cinogenic  hydrocarbon,  3,4-benzphenanthrene,  is  illustrative. 


VV\ 


CH2CO2H 


no2 


CHO 


V 


AA 


VAy—  CCO2H 


no2 

/ 


V 


CH 


AA 

A/\A^cco2h 

n2ci  «H 


/V\ 


co2h 


V 


A/ 


V 


AA 


W\ 


A/ 


V 

3,4-Benzphenanthrene 


Another  example  is  the  preparation  of  1 ,4-dimethylphenanthi  ene. 

Ach3  Ach3 

CHaV\ 


C  3\A^CC02H 
NH2  I 
CH 


V 


V 


REACTION  WITH  OLEFINIC  COMPOUNDS 


A  useful  carbazole  synthesis  is  similar,  involving  the  diazoamino  deriv¬ 
ative  produced  by  diazotization  of  o-aminodiphenylamine. 


^Nnh2 


,N 


✓Vi  /\ 


N 


VnJ/V 


H 


This  method  is  particularly  valuable  in  the  synthesis  of  substituted 
carbazoles.  An  example  is  3-benzoylcarbazole.26 


/Nnh2  /N 

y\ _ /\ 

c6h5coL  J\J 

,  N 

1 

- ► 

C6H5C0^^\  /\y/ 

1 

1 

H 

H 

Reaction  with  Olefinic  Compounds.  a,/3-Unsaturated  carbonyl  com¬ 
pounds  react  with  diazonium  salts  to  yield  arylation  products,  the  nitro¬ 
gen  being  lost  in  the  process.  An  example  is  the  conversion  of  methyl 
maleate  to  methyl  a-chloro-jS-(p-chlorophen3d)  succinate  by  treatment 
with  diazotized  p-chloroaniline. 

CHCO2CH3  C1C6H4CHCOoCH3 

||  +  C1C6H4N2C1  - ►  I  +  N2 

chco2ch3  cichco2ch3 

Usually,  however,  the  chlorine  is  lost  also,  the  product  being  unsatu¬ 
rated.  Cinnamaldehyde  reacts  with  p-chlorobenzenediazonium  chlo¬ 
ride,  for  example,  to  yield  a- (p-chlorophenyl) cinnamaldehyde.27 

C6H5CH=CHCHO  +  C1C6H4N2C1  - >  CgH5CH=CCHO  +  N2  +  HC1 

C6H4C1 

This  type  of  reaction  is  carried  out  in  weakly  acid  media. 

Butadiene  reacts  in  a  similar  way  with  p-nitrobenzenediazonium 
chloride,  yielding  l-chloro-4-p-nitrophenyl-2-butene.28 

N02C6H4N2C1  +  ch2=ch-ch=ch2  - > 


no2c6h4ch2ch=chch2ci  4-  n2 

Treatment  of  the  chlorobutene  with  potassium  hydroxide  converts  it  to 
1-p-mtrophenyl-l,  3-butadiene. 


~6  Hunter  and  Darling,  J.  Am.  Chem.  Soc.,  53,  4183  (1931). 

1  “e'-'rwein>  Buchner,  and  van  Emster,  J.  prakt.  Chem.,  152,  237  (1939). 
Coyncr  and  Ropp,  J.  Am.  Chem.  Soc.,  70,  2283  (1948). 


572 


AZO  AND  DIAZO  COMPOUNDS 


Quinones  may  be  arylated,  often  in  good  yield,  by  treatment  with 
diazonium  salts.  Benzoquinone,  for  example,  may  be  converted  to 

phenylquinone  in  a  yield  of  85%  by  the  action  of  benzenediazonium 
salts.29 


+  C6H5N2X 


O 


O 


ii 


ii 


o 


+  N2  +  HX 


The  W  idman-Stoermer  cinnoline  synthesis  depends  on  an  intramolec¬ 
ular  coupling  with  retention  of  the  nitrogen  (CR  37,  269).  An  example 
is  the  preparation  of  4-phenylcinnoline  from  o-aminodiphenylethylene.30 


y\ 

c6h5 

1 

yG 

\  —  HC1 

PTT  \ 

c6] 

A 

h5 

\/ 

vn2  r 

N2C1 

k/ 

>; 

/ 

sT  ' 

An  even  more  remarkable  ring  closure  occurs  with  diazo  compounds 
made  from  o-toluidine  derivatives.  For  example,  when  a  solution  of 
diazotized  2-amino-5-nitrotoluene  is  allowed  to  stand  for  3  days  at 
room  temperature,  5-nitroindazole  is  obtained  in  a  high  yield  (OS  20,  73). 


NOf/5^0113 


S/nnh2 


NOo 


/ycHs 

\An=NOH 


A/ 


CH 

\ 


N  +  H20 


^Anh 


29  Kvalnes,  J.  Am.  Chem.  Soc.,  56,  2478  (1934). 

30  Stoermer  and  Fincke,  Ber.,  42,  3115  (1909). 
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ORGANIC  SULFUR  COMPOUNDS 

The  position  of  sulfur  in  the  periodic  table  suggests  that  the  properties 
of  its  organic  derivatives  might  be  predictable  by  analogy  with  the  cor¬ 
responding  oxygen  compounds.  Such  terms  as  thiophenol,  thio  ether, 
and  thioketone  carry  this  implication.  Although  this  point  of  view 
represents  the  classical  approach  to  the  problems  of  the  chemistry  of 
organic  sulfur  compounds,  it  must  be  admitted  that  it  is  often  mislead¬ 
ing.  In  this  section  attention  will  be  directed  chiefly  to  those  character¬ 
istics  which  appear  to  be  more  or  less  peculiar  to  sulfur. 

One  of  these  is  its  power  of  uniting  with  itself  to  produce  chains;  it 
forms  not  only  di-,  tri-,  and  tetrasulfides,  but  also  polysulfides  which 
may  contain  chains  of  considerable  length.  This  marked  chain-forming 
power  is  exhibited  also  by  elementary  sulfur.  As  will  be  pointed  out 
later,  these  chains  bear  little  resemblance  to  those  of  carbon,  silicon, 
or  tin. 

As  compared  with  oxygen,  sulfur  shows  a  lower  capacity  for  holding 
hydrogen  and  a  much  greater  capacity  for  uniting  with  the  negative 
elements.  It  is  observed  that  the  SH  group  is  more  acidic  than  the  OH 
group,  mercaptans  being  definitely  acidic  as  compared  to  alcohols. 

The  capacity  for  union  with  oxygen  and  the  halogens  is,  however,  the 
outstanding  peculiarity  of  sulfur  as  shown  in  such  compounds  as  the 
sulfones,  sulfonyl  chlorides,  and  sulfonic  acids.  Sulfur  readily  forms 
stable  combinations  with  oxygen  and  the  halogens.  As  might  be 
expected  fiom  this  behavior,  sulfonium  salts  are  readily  formed  also. 


Sulfur-Sulfur  Linkages 

The  capacity  of  sulfur  to  unite  with  itself  is  demonstrated  in  a  striking 
way  by  the  behavior  of  sulfhydryl  compounds  when  exposed  to  the  air 
oxidation  to  disulfides  occurring  very  rapidly,  especially  in  alkaline  solu¬ 
tions.  thus  thiophenol  yields  diphenyl  disulfide. 


2C6H5SH  +  (0)  - »  C6H5SSCgH5  +  H20 

This  type  of  oxidation  can  be  effected  by  many  oxidizing  agents,  includ- 

<p  39)™  p'ro"de'  “"»»»* 
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The  use  of  hydrogen  peroxide  is  illustrated  by  the  preparation  of  di-p- 

aminophenyl  disulfide  lrom  the  sodium  salt  of  p-aminothiophenol 
(OS  28,  14). 

2H2N/^\sNa  +  H202  - V 

H2N<^  ^>SS<^  ^>NH2  +  2NaOH 

Thiol  acids  also  are  oxidized  to  disulfides,  an  example  being  the  forma¬ 
tion  of  dibenzoyl  disulfide  from  thiolbenzoic  acid  by  the  action  of 
iodine  (OS  28,  16). 

O  0  0 

2C6H5CSK  +  I2  - ¥  C6H5CSSCC6H5  +  2KI 

Iodine  serves  as  the  oxidizing  agent  in  a  procedure  for  the  quantitative 
determination  of  mercaptans  and  thiophenols.1 

The  disulfides  may  be  reconverted  to  the  sulfhydryl  compounds  by 
reducing  agents.  Perhaps  the  best-known  example  of  this  type  of  inter¬ 
conversion  is  represented  by  cystine  and  cysteine. 

NH2  _Ha  NH2 

2CH2CHC02H  —  2v  sch2chco2h 
SH  +Hs  SCH2CHC02H 

nh2 

Cysteine  Cystine 

The  tendency  of  sulfur  to  combine  with  itself  is  shown  also  by  the 
fact  that  a  solution  of  sodium  sulfide  to  which  an  equivalent  amount  of 
elemental  sulfur  has  been  added  behaves  as  though  it  contained  not  only 
sulfide  ion  but  also  disulfide  and  trisulfide  ions. 

S=  +  S  - >  S2“  +  S  - >  S3 

There  are  indications  that  polysulfide  ions  are  present  also.  Evidence 
for  the  existence  of  such  ions  is  that,  when  alkylating  agents  such  as 
alkyl  halides  are  added  to  the  solution,  organic  di-  and  trisulfides  may 
be  obtained  as  well  as  small  amounts  of  higher  sulfides. 

2RX  +  S2=  - ¥  RSSR  +  2X“ 

2RX  +  S3=  - ¥  RSSSR  +  2X“ 

There  seems  to  be  little  room  for  doubt  that  the  di-  and  trisulfides 
possess  linear  structures.2  The  structure  of  the  higher  sulfides,  however, 

1  Sampey  and  Reid,  J.  Am.  Chem.  Soc.f  54,  3404  (l.)32). 

2  Fuson,  Foster,  and  Lipscomb,  J.  Org.  Chem .,  11,  <r)04  (1046). 
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r  ^  r 

5/5 


is  a  matter  for  conjecture.  Evidence  has  been  presented  which  seems 
to  favor  the  symmetrical,  branched-chain  arrangement  for  the  penta- 
sulfides. 

Sulfurization.  That  the  sulfur  in  the  higher  polysulfides  is  held 
loosely  is  amply  demonstrated  by  the  fact  that  these  substances  may  be 
caused  to  take  up  or  release  elemental  sulfur.  Just  as  solutions  of  sodium 
sulfide  take  up  free  sulfur  to  yield  higher  sulfides,  the  organic  polysul- 
fides  when  heated  with  sulfur  form  polysulfides  that  are  richer  in  sulfur. 
Similar  results  are  achieved  by  treating  the  polysulfides  with  other  sul¬ 
fur-rich  materials.  Only  one  monosulfide  has  been  observed  to  undergo 
sulfurization.  When  6fs-2,4-dinitrophenyl  sulfide  is  treated  with  sodium 
disulfide,  6fs-2,4-dinitrophenyl  disulfide  is  produced.3 

o2n^  ^no2  — »  o2n^  ^>no2 

N02  N02  N02  NtSiT 


The  conversion  of  disulfides  to  trisulfides,  however,  has  been  observed 
many  times.  The  trisulfides  take  up  sulfur  very  readily  to  yield  higher 
polysulfides. 

The  higher  poly  sulfides  may  be  caused  to  lose  sulfur  by  treatment 
with  ammonia  or  cellosolve.  In  the  mustard  gas  series,  for  example, 
contact  with  moist,  gaseous  ammonia  strips  the  higher  polysulfides  to 
the  pentasulfide.  The  pentasulfide  in  turn  is  degraded  to  the  trisulfide 
by  cellosolve  or  by  ammonia  in  ether.4 

C1CH2CH2SxCH2CH2C1  - >  C1CH2CH2S5CH2CH2C1  _ » 

C1CH2CH2SSSCH2CHoC1 

Oxidation 


Perhaps  the  outstanding  chemical  characteristic  of  organic  sulfur 
compounds  is  the  capacity  of  the  sulfur  atom  to  take  up  oxygen.  It  is 
a  general  rule,  applicable  to  all  classes  of  sulfur  compounds,  that  oxida¬ 
tion  proceeds  until  the  sulfur  atom  has  attained  the  maximum  valence 
o  six.  er  aps  the  best  example  is  the  conversion  of  thio  ethers  to 
sidfones,  a  process  that  can  be  carried  out  stepwise.  Sulfones  verv 

stable  compounds  that  occur  as  by-products  in  sulfonation  (p  301)  may 

Probably  the  best  general  procedure  is  the  addition  of  30%  hvdrmren 
peroxide  to  a  solution  of  the  sulfide  in  glacial  acetic  acid  or  atone  (Gd- 

’  !>son  a"d  MeIamed,  J-  Org.  Chem.,  13,  690  (1948) 

(1946)““'  1  BUrnm'  F°Ster’  HatChard’  and  /.  Org.  Ckern.,  U,  487 
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man  I,  835).  If  equimolecular  amounts  of  reactants  are  taken,  the 
product  is  the  sulfoxide,  which  is  readily  converted  to  the  sulfone  by  an 
additional  mole  of  the  peroxide.  Potassium  permanganate  and  chromic 
acid  are  also  suitable  reagents  for  the  preparation  of  sulfones.  An  ex¬ 
ample  is  the  preparation  of  dibenzyl  sulfoxide  and  dibenzyl  sulfone,  in 
which  hydrogen  peroxide  and  chromic  acid  are  used.5 

C0H5CH2SCH2C6H5  — -  -  >  (C6H5CH2)2SO  -Cll>3  >  (C6H5CH2)2S02 

Disulfones  are  formed  when  disulfides  such  as  the  mercaptols  (p.  370) 
are  oxidized.  The  hypnotic,  sulfonal,  for  example,  can  be  produced  by 
oxidation  of  the  mercaptol  formed  from  acetone  and  ethyl  mercaptan. 

CH3\  /SC2H5  CH3x  /S02C2H5 

c  — ►  c 

civ  nsc2h5  civ  xso2c2h5 

An  unusual  type  of  sulfur  compounds,  analogous  to  the  sulfoxides, 
has  been  made  by  the  action  of  Chloramine-T  on  certain  halogen-con¬ 
taining  sulfides.  The  products  have  tetravalent  sulfur  and  are  known 
as  sulftlimines.  An  example  is  the  sulfilimine  from  /3-bromoethyl  ethyl 
sulfide.6 

/CH2CH2Br 
+  S  ► 

xti2ch3 

/ - v  /CH2CH2Br 

CH3<f  >S02N=S  +  NaCl 

^ch2ch3 


tCH3<Z>SQ2NC1i  ~Na+ 


Reactions  with  Halogens 

Sulfides  react  readily  with  halogens  to  yield  dihalogen  derivatives, 
which  can  be  isolated  under  anhydrous  conditions.  These  addition  com¬ 
pounds,  which  have  been  formulated  as  sulfonium  halides,  react  with 
water  to  yield  sulfoxides.  With  bromine  the  addition  takes  place  so 
readily  that  it  has  been  made  the  basis  of  a  method  for  the  quantitative 
determination  of  sulfides.7  Di-re-butyl  sulfide  may  be  taken  as  an 

example. 

C4Hq\ 

SBr 


C4H9SC4H9  +  Br2 


C4H9 


/ 


+ 


Br' 


+  H20  - ► 

(C4H9)2SO  +  2HBr 


s  Shriner,  Struck,  and  Jorison,  J.  Am.  Chem.  Soc .,  62,  2060  (1930). 

e  Dawson,  J.  Am.  Chem.  Soc.,  69,  968  (1947). 

^  Sampey,  Slagle,  and  Reid,  J.  Am.  Chem.  Soc.,  64,  3401  (1932). 


REACTIONS  WITH  HALOGENS  D'' 

Diaryl  disulfides  undergo  halogenolysis  when  treated  with  chlorine  or 
bromine,  the  products  being  sulfenyl  halides.  An  example  is  the  reac¬ 
tion  of  di-o-nitrophenyl  disulfide  with  chlorine  to  produce  o-nitrobenzene- 
sulfenyl  chloride  (OS  II,  455).  The  yield  is  nearly  quantitative. 

^  + ci2  —4  2 

NOT  n°2 

When  di-o-nitrophenyl  disulfide  is  treated  with  chlorine  in  the  presence 
of  hydrochloric  and  nitric  acids,  the  product  is  o-nitrobenzenesulfonyl 
chloride  (OS  II,  471;  84%  yield). 

^SS<^  +  4(0)  +  Cl2  - 4  2  ^3^>S°2C1 

^"NOa  NUT  N02 

It  has  been  possible  to  effect  chlorinolysis  of  a  few  aliphatic  disulfides 
also,  notably  5zs-(2-chloroethyl)  disulfide.8 

C1CH2CH2SSCH2CH2C1  +  Cl2  - >  2C1CH2CH2SC1 


The  product,  2-chloroethylsulfenyl  chloride,  like  the  aromatic  sulfenyl 
chlorides,  displays  the  capacity  of  combining  with  olefinic  compounds. 
Thus  with  cyclohexene  it  forms  2-chlorocyclohexyl  2-chloroethyl  sulfide. 


C1CH2CH2SC1  + 


>  C1CH2CH2S  Cl 

<z> 


In  such  adducts  the  newly  formed  chloroalkyl  groups  hold  the  chlorine 
atom  in  the  2  position.  Since  a  2-chloroalkyl  group  endows  sulfides 
with  vesicant  properties,  the  sulfenyl  chlorides  are  useful  in  the  syn¬ 
thesis  of  mustard  gases. 

Chlorinolysis  of  di-2,4-dinitrophenyl  sulfide  takes  place  in  a  similar 
way,  yielding  2,4-dinitrobenzenesulfenyl  chloride.  This  reaction  is  cat¬ 
alyzed  by  such  compounds  as  sulfuric  acid  and  aluminum  chloride. 


The  condensation  products  of  2,4-dinitrobenzenesulfenyl  chloride  with 
symmetrical  olefins  are  solids  suitable  for  purposes  of  identification.9 

(194G)S°n'  PHCe'  BaUman’  BUlUttl  HatChard’  and  MW-  J-  Org.  Chem.,  11,  469 
9  Kharasch  and  Buess,  J.  Am.  Chem.  Soc.,  71,  2724  (1949). 
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Sulfonium  Compounds 

The  reaction  of  alkyl  sulfides  with  alkyl  halides  to  give  sulfonium 
halides  is  comparable  to  that  between  a  tertiary  amine  and  an  alkyl 
halide  to  produce  a  quaternary  ammonium  halide. 

R3N  +  RX  - >  R4NX 

R2S  +  RX  - >  R3SX 

However,  the  formation  of  sulfonium  halides  occurs  less  readily. 

Sulfonium  salts  have  been  made  also  by  the  action  of  alkylating 
agents  on  sulfur,  metallic  sulfides,  organic  disulfides,  and  other  sulfur- 
containing  materials.  It  appears  probable  that  a  sulfide  is  formed  ini¬ 
tially  and  that  the  sulfonium  salt  is  produced  by  reaction  of  the  sulfide 
with  alkylating  agents. 

Heat  decomposes  a  sulfonium  halide,  regenerating  the  sulfide  and  the 
alkyl  halide  from  which  it  was  made.  If  the  radicals  are  different,  how¬ 
ever,  radical  interchange  may  occur.  Thus  a  symmetrical  sulfide  may 
be  changed  to  an  unsymmetrical  sulfide. 

Rx  R'\  R'\ 

S  +  R'X  R-SX  ^=±  S  +  RX 

R/  R  /  Rx 

Sulfonium  salts  can  be  converted  by  treatment  with  moist  silver  oxide 
into  sulfonium  hydroxides,  which  decompose  when  heated  to  yield  olefins 
and  sulfides.  Triethylsulfonium  hydroxide,  for  example,  is  broken  down 
to  ethylene  and  diethyl  sulfide. 

[(C2H5)3S]+OH-  - >  (C2H5)2S  +  CH2=CH2  +  H20 


Sulfonic  Acids 

Sulfonic  acids  are  strong  acids  and  are  employed  frequently  as  cat¬ 
alysts  in  place  of  sulfuric  acid.  They  are  generally  encountered  in  the 
form  of  salts.  These  salts  serve  in  synthetic  work  as  sources  of  sulfoni 
chlorides,  which  can  be  made  from  them  by  the  action  of  phosphorus 
oxychloride  or  phosphorus  pentachlonde.  Benzenesulfonyl  chloi 
mJy  be  made  in  good  yield  by  use  of  either  of  the  phosphorus  com¬ 
pounds  (OS  I,  84). 


3Cr)H5S03Na  +  PCI5 
SCallsSO.-iNa  +  POCI3 


3C6H5S02C1  +  2NaCl  +  NaP03 
2C6H5S02C1  +  NaCl  +  NaP03 
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REPLACEMENT  of  the  sulfo  group 

Replacement  of  the  Sulfo  Group.  Aromatic  sulfonic  acids  derive 
'  much  of  their  importance  from  the  fact  that  the  sulfo  group  may  be 
replaced  by  hydrogen  or  by  groups  such  as  hydroxyl  and  nitro.  When  a 
sulfonic  acid  is  cleaved  in  an  acid  medium,  the  electron  pair  joining  the 
sulfur  atom  to  carbon  is  retained  by  the  carbon  atom,  sulfuric  acid  and  a 
hydrocarbon  being  produced. 

ArS03H  -f-  H2O  - >  ArH  -f-  H2SO4 

Fusion  with  alkali,  on  the  other  hand,  converts  the  sulfonic  acid  into 
a  phenoxide  and  a  sulfite,  the  bonding  pair  being  retained  by  the  sulfur 
atom. 

ArS03“  +  OH"  - ►  ArO~  +  S03= 


The  reversal  of  sulfonation  is  usually  effected  by  heating  with  dilute 
sulfuric  acid  at  temperatures  from  135  to  200°.  This  change  may  be 
accomplished  by  carrying  out  the  reaction  in  a  sealed  tube  or  by  pass¬ 
ing  superheated  steam  into  the  solution  of  the  sulfonic  acid  in  dilute 
sulfuric  acid.  Reversal  of  sulfonation  in  this  way  makes  possible  the 
use  of  this  substituent  in  blocking  positions  to  prevent  the  formation  of 
undesirable  position  isomers.  For  example,  o-bromophenol  can  be  made 
in  43%  yield  by  bromination  of  4-hydroxy-m-benzenedisulfonic  acid  and 
hydrolysis  of  the  resulting  bromosulfonic  acid  (OS  II,  97). 


OH 

(%S03H 

V 

so3H 


OH 

OH 

Br%hSOsH  h20 

Br/^ 

V 

N/ 

so3h 

As  already  noted  (p.  281),  direct  bromination  of  phenol  at  0-5°  yields 
chiefly  p-bromophenol. 

1  he  ease  with  which  reversal  of  sulfonation  occurs  varies  greatly, 
lhe  reaction  is  facilitated  by  a  methyl  group  in  an  ortho  or  para  posi¬ 
tion,  being  especially  rapid  with  sulfonic  acids  of  the  polymethylben- 

;TeS-lHal0gen  atoms>  on  the  other  hand,  reduce  the  rate  of  reaction, 
is  difference  between  alkyl  and  halogen  substituents  is  illustrated  by 
ie  fact  that  mesitylenesulfonic  acid  undergoes  hydrolysis  14,000  times 
as  ast  as  2,4,6-tribromobenzenesulfonic  acid.  1-Naphthalenesulfonic 
acd,  as  indicated  earlier  (p.  302),  is  hydrolyzed  much  more  rapidly 
Ilian  2-naphthalenesulfonic  acid.  In  fact,  the  1  isomer  can  be  removed 

tLTenluIfonLtid  ^  ^  ^  ^  P»  ^ 


”  A™strong  and  Miller, ./.  Chem.  Soc.,  46,  14S  (1884). 
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Replacement  of  the  sulfo  group  by  halogen  has  been  observed  when 
sulfonic  acids  were  treated  with  halogens  in  aqueous  solution. 

Similarly,  in  the  nitration  of  sulfonic  acids  replacement  of  sulfo  groups 
by  nitro  groups  has  been  noted.  This  type  of  reaction  is  of  synthetic 
value,  especially  in  connection  with  the  preparation  of  nitro  derivatives 
of  phenols  and  naphthols.  For  example,  2,4-dinitro-l-naphthol,  Mar¬ 
tins’  yellow,  can  be  made  by  sulfonating  1-naphthol  and  replacing  the 
sulfo  groups  by  treatment  with  nitric  acid. 


S03H 


N02 


OH 


OH 


S03H 


NO, 


OH 


The  preparation  of  picric  acid  is  another  example  of  this  use  of  sulfona- 
tion.  The  sulfo  group  serves  at  first  to  stabilize  the  phenol  molecule  and 
later  is  replaced  by  a  nitro  group. 

OH 

Ano2 


OH 

/\S0sH 


S03H 


OH 

Ano2 

V 

so3H 


/ 


\ 


NO, 


\i  OH 

NO,/\nO; 


OH  f 

no2/\no5 


S03H 


NO- 


2  6-Dinitroaniline  can  be  made  from  chlorobenzene  by  first  placing  a 
sulfo  group  (potassium  salt)  in  the  para  position,  then  introducing  nitro 
groups  in  the  ortho  positions,  replacing  the  chlorine  atom  by  ammono  - 
ysis,  and  finally  removing  the  sulfo  group. 

Cl  Cl  nh2  nh2 

/\  NO,rA)NO?  N02AN02  N0/>02 


S03K 


s/ 

so3K 


s/ 

so3K 


V 
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REPLACEMENT  OF  THE  SULFO  GROUP 

If  but  one  nitro  group  is  introduced,  the  product  is  o-nitroaniline  (OS  I, 
388). 

Successive  sulfonation,  nitration,  and  desulfonation  serve  to  convert 
3,4-xylenol  into  2-nitro-3,4-xylenol.n 


OH 

OH 

OH 

OH 

f%SOsH 

N02r%S03H 

’  CHS \J 

no2^ 

ch3^ 

>  CH3i 

ch3 

ch3 

ch3 

ch3 

Chlorination  of  sulfanilamide  followed  by  hydrolysis  with  steam 
affords  2,6-dichloroaniline  in  a  55%  yield  (OS  24,  47). 


nh2 

nh2 

nh2 

J\ 

C1i%C1 

Clr%Cl 

— > 

V 

V 

so2nh2 

so2nh2 

2,6-Dibromoaniline  can  be  prepared  in  a  similar  way,  the  yields  being 
as  high  as  79%. 

The  replacement  of  the  sulfo  group  recalls  the  similar  behavior  of 
cei  tain  carboxylic  acids,  which  suffer  replacement  of  the  carboxyl  group 
(p.  351). 

The  conversion  of  sulfonic  acids  to  phenols  by  fusion  with  alkalies  is 
an  important  synthetic  method  and  has  been  applied  successfully  to  a 
wide  variety  of  sulfonic  acids.  Nearly  quantitative  yields  of  phenol 
may  be  obtained  by  heating  sodium  benzenesulfonate  with  a  50%  excess 
of  sodium  hydroxide  for  30  minutes  at  300°.12 


C6H5OH  T-  Na2S03 


C6H5S03Na  +  NaOH  — 

Similarly,  p-cresol  is  produced  from  sodium  p-toluenesulfonate  by  heat- 
mg  with  potassium  hydroxide  (OS  I,  175). 

Benzoic  acid  can  be  converted  to  its  3,5-dihydroxy  derivative  by  two- 
old  sulfonation  followed  by  alkali  fusion  (OS  21,  27);  the  yield  is  65% 


'C02H 

/\ 


V 


co2h 


co2h 


HO,S 


SO..!! 


HO 


Mueller  and  Pelton, Am.  Chem.  Soc.,  71,  1504  (1949) 
Rhodes,  Jayne,  and  Bivins,  Ind.  Eng.  Chem.,  19,  804  (1927) 


OH 
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lhe  formation  of  2-naphthol  from  2-naphthalenesulfonic  acid  is  an 
especially  important  example,  since  the  sulfo  group  is  one  of  the  very 

few  that  can  be  introduced  directly  into  the  2  position  of  naphthalene 
(p.  302). 


In  certain  replacements  of  this  character  potassium  hydroxide  is 
superior  to  sodium  hydroxide.  Its  use  is  illustrated  by  the  conversion 
ol  1 ,8-naphthalenedisulf onic  anhydride  to  the  corresponding  dihydroxy 
compound  / - \ 

>S02  KOH 

=<  >0 - > 

>so. 


The  fusion  of  sulfonates  with  alkalies  sometimes  gives  isomers  of  the 
expected  phenolic  compounds,  the  best-known  example  being  the  con¬ 
version  of  benzenedisulfonic  acids  to  resorcinol.  Not  only  the  meta  but 
also  the  ortho  and  para  disulfonic  acids  yield  resorcinol. 

Oxidation  may  accompany  the  replacement  reaction,  as  in  the  classic 
conversion  of  2-anthraquinonesulfonic  acid  into  alizarin. 


The  sulfo  group  may  be  replaced  also  by  heating  sulfonates  with 
sodium  cyanide  or  potassium  ferricyanide,  the  product  being  a  nitrile. 
This  method  of  making  nitriles  has  not  been  employed  extensively  in 
preparative  work  because  the  yields  are  seldom  higher  than  50%. 

The  Jacobsen  Reaction.  In  many  polysubstituted  benzenesulfonic 
acids  migration  of  groups  occurs  when  the  compound  is  treated  with 
concentrated  sulfuric  acid.  The  phenomenon,  known  as  the  Jacobsen 
reaction,  may  be  illustrated  by  the  behavior  of  durenesulfonic  acid. 
The  main  product  is  prehnitenesulfonic  acid,  formed  apparently  by  the 
intramolecular  migration  of  a  methyl  group.  Intermolecular  migration 
also  occurs,  giving  pen tamethylbenzenesulf onic  acid,  pseudocumenesul- 
fonic  acid,  and  hexamethylbenzene  (OR  I,  370). 


so3h 

ch3/Nch3 

ch3 


L3 

ch3 


’V7 

Durenesulfonic  acid 


CH' 


S03II 

/\ch3 


CH; 


CH3 

Prehnitenesulfonic  acid 


THE  JACOBSEN  REACTION 
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CH; 


ch3 


CH, 


Pentamethylbenzene- 
sulfonic  acid 


CH, 


/\cH. 


Pseudocumenesulfonic 

acid 


The  Jacobsen  reaction  does  not  take  place  with  hydrocarbons  having 
fewer  than  four  alkyl  groups.  Mesitylenesulfonic  acid,  for  example,  is 
stable  to  sulfuric  acid.  The  tetramethyl-,  tetraethyl-,  and  trimeth}d- 
ethylbenzenes  of  nonvicinal  orientation  also  undergo  rearrangement. 
Since  the  sulfonic  acids  are  readily  hydrolyzed  to  the  corresponding 
hydrocarbons,  the  Jacobsen  reaction  affords  a  way  of  preparing  certain 
hydrocarbons  which  would  be  very  difficult  to  obtain  in  any  other 
manner.  The  most  important  of  these  is  prehnitene. 

Similar  migrations  of  halogen  atoms  in  benzenesulfonic  acids  have 
also  been  observed.  For  example,  2,4-dibromo-m-xylene  can  be  made 
in  25%  yield  from  4,6-dibromo-m-xylene  in  this  way. 


Br 


CH3 


Br 


\/ 

CH3 


ch3 

Br 


A  remarkable  example  of  the  Jacobsen  reaction  is  the  formation 
of  9-octahydrophenanthrenesulfonic  acid  from  9-octahydroanthracene 

sulfonic  acid. 


H2S04 


so3h 

9-Octahydroanthracene- 

sulfonic  acid 


so3h 

9-Octahydrophenanthrene- 

sulfonic  acid 


The  reaction  is 
acid,  and  yields 


facilitated  by  the  presence  of  a  small 
as  high  as  85%  have  been  obtained. 


amount  of  acetic 
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Esters  of  Sulfuric  and  Sulfonic  Acids 

The  contrast  between  esters  of  carboxylic  acids  and  those  of  sulfuric 
and  sulfonic  acids  is  exemplified  by  the  use  of  the  sulfur-containing 
esters  as  alkylating  agents  (pp.  81,  123,  158).  Reactions  of  these 
esters  resemble  those  of  the  alkyl  halides,  the  sulfate  or  sulfonate  ion 
being  displaced;  i.e.,  rupture  of  the  alkyl-oxygen  linkage  occurs.  In 
keeping  with  this  observation  is  the  fact  that  hydrolysis  of  esters  of 
sulfuric  and  sulfonic  acids  inverts  the  configuration  of  the  alkyl  group 
(p.  109). 

An  illustration  of  this  type  of  reaction  is  that  between  ethyl  sulfate 
and  potassium  cyanide  to  produce  propionitrile  (CR  42,  189). 

CH3CH2Ox 

S02  +  KCN  - ►  CH3CH2CN  +  CoH5OS03K 

CHsCHoCK 

In  a  similar  way  methyl  sulfate  reacts  with  potassium  iodide  to  produce 
methyl  iodide  (OS  II,  404),  a  reaction  that  is  analogous  to  halogen  inter¬ 
change  in  alkyl  halides  (p.  111). 

CH3Ox 

SOo  +  KI  - ►  CH3I  +  CH30S03K 

CH3CK 

Alcoholysis  of  sulfates  occurs  but  yields  ethers  rather  than  esters  as 
in  the  carboxylic  acid  series.  When  methyl  sulfate  and  methanol  are 
allowed  to  react  in  the  presence  of  sodium  hydroxide,  methyl  ether  is 
obtained  in  a  nearly  theoretical  yield. 

Sulfonyl  Chlorides 

Sulfonyl  chlorides  resemble  the  chlorides  of  carboxylic  acids  in  many 
of  their  reactions.  Hydrolysis,  alcoholysis,  and  ammonolysis  may  be 
effected,  although  with  greater  difficulty  than  that  encountered  vith 
chlorides  of  carboxylic  acids. 

The  reaction  of  sulfonyl  chlorides  with  alcohols  proceeds  satisfactorily 
in  the  presence  of  a  base  such  as  sodium  hydroxide,  an  example  being 
the  preparation  of  n-butyl  p-toluenesulfonate  by  the  interaction  of 
n-butyl  alcohol  and  p-toluenesulfonyl  chloride  (OS  I,  145;  54%  yield). 

^S02C1  +  CH3CH2CH2CH2OH  +  NaOH  ► 

CH3< ^  ^SQ3CH2CH2CH2CH3  +  Nad  +  H20 
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Pyridine  may  serve  also  as  the  condensing  agent,  as  is  illustrated  by  the 
synthesis  of  1-dodecyl  p-toluenesulfonate  (OS  20,  50;  90%  yield). 

The  reaction  of  sulfonyl  chlorides  with  amines  is  especially  useful  in 
characterizing  primary  and  secondary  amines.  The  sulfonamides  not 
only  are  suitable  derivatives  for  purposes  of  identification  but  also  serve 
as  intermediates  in  the  Hinsberg  method  of  separating  amines  (p.  586). 
The  usual  procedure  for  the  preparation  of  sulfonamides  is  to  treat  an 
amine  with  a  sulfonyl  chloride  in  the  presence  of  sodium  hydroxide. 

Sulfonyl  chlorides  may  be  converted  to  sulfinic  acids  or  their  salts  by 
a  number  of  reducing  agents,  among  the  best  of  which  is  zinc  dust.  This 
reagent  is  employed,  for  example,  in  the  preparation  of  sodium  p-toluene- 
sulfinate  (OS  I,  492). 

Zn  Na2C03 

2p-CH3C6H4S02Cl  - >  (p-CH3C6H4S02)2Zn  - » 


2p-CH3C6H4S02Na 


Sodium  sulfite  has  been  used  also,  an  example  being  the  conversion  of 
p-acetaminobenzenesulfonyl  chloride  to  p-acetaminobenzenesulfinic  acid 


(OS  I,  7;  47%  yield). 

p-CH3C0NHC6H4S02Cl  Na2S03  T~  H2O 


P-CH3C0NHC6H4S02H  +  NaCl  +  NaHS04 


The  formation  of  sulfinic  acids  by  the  reduction  of  sulfonyl  chlorides 
suggests  that  the  ionizable  hydrogen  atom  may  be  attached  to  sulfur 
rather  than  oxygen. 

This  possibility  is  especially  interesting  in  view  of  the  observation  that 
sulf  mates  leact  with  alkyl  or  aryl  halides  to  yield  sulfones.  Thus  sodium 
p-acetaminobenzenesulfinate  and  p-chloronitrobenzene  react  to  give 
p-acetylaminophenyl  p-nitrophenyl  sulf  one  (OS  22,  31). 


CH3C0NHC6H4S02Na  +  N02C6H4C1  - y 

CH3CONHC6H4x 


ORGANIC  SULFUR  COMPOUNDS 

Sulfonyl  chlorides  enter  into  reactions  of  the  Friedel-Crafts  type, 
yielding  sulfones.  Benzenesulfonyl  chloride,  for  example,  reacts  with 
benzene  in  the  presence  of  aluminum  chloride  to  yield  diphenyl  sulfone. 

c6h5so2ci  +  c6h6  A£l4  (c6h5)2so2  +  hci 

Sulfonamides 

Sulfonamides  differ  from  amides  of  carboxylic  acids  in  many  ways. 
Perhaps  the  most  noteworthy  difference  is  that  exhibited  by  primary 
and  secondary  sulfonamides  toward  alkalies;  they  form  salts.  The 
acidic  character  of  such  amides  has  been  made  the  basis  of  the  Hinsberg 
test  (p.  585).  The  sulfonamides  from  primary  amines  are  soluble  in 
aqueous  alkalies,  whereas  those  from  secondary  amines  are  not.  Since 
sulfonamides  undergo  hydrolysis,  it  is  possible  to  recover  the  original 
amine  and  thus  effect  a  separation  of  a  primary  from  a  secondary  amine. 

Sulfanilimide  is  interesting  from  a  purely  chemical  point  of  view 
primarily  because  of  the  contrast  in  properties  presented  by  its  two 
NH2  groups.  Most  reagents  attack  the  basic  amino  group,  and  many 
amine  reactions  can  be  carried  out  without  involving  the  amide  group. 
Among  these  are  acylation  and  diazotization.13 

13  Kermack,  Spragg,  and  Tebrich,  J.  Chem.  Soc.,  608  (1939). 
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AROMATIC  CHARACTER 


The  line  of  demarcation  between  aromatic  and  aliphatic  compounds  is 
so  ill  defined  that  no  simple  definition  of  aromatic  character  or  aromatic¬ 
ity  has  been  agreed  upon.  Perhaps  the  outstanding  characteristic  of 
aromatic  compounds  is  the  peculiarly  diminished  reactivity  of  the 
double  bonds.  Although  benzene  is  definitely  unsaturated,  its  unsatura¬ 
tion  is  of  a  lower  order  than  that  of  open-chain  olefinic  compounds.  It 
fails  to  give  positive  tests  with  bromine  and  potassium  permanganate 
and  does  not  react  with  hydrogen  bromide  (Gilman  I,  117).  The  ex¬ 
planation  of  this  phenomenon  furnished  by  the  resonance  theory  is 
based  on  the  proposition  that  any  double  bond  loses  some  of  its  ‘ ‘double¬ 
bond  character”  when  conjugated  with  other  structural  units  which 
make  resonance  possible.  Thus,  the  beginnings  of  aromaticity  may  be 
sought  in  olefinic  bonds  that  are  high  conjugated. 

It  is  a  general  rule  that  the  ease  with  which  a  double  bond  can  be 
introduced  into  a  molecule  is  greater  if  it  forms  a  part  of  a  conjugated 
system.  Thus,  in  the  dehydrogenation  of  1,4-dicarbonyl  compounds, 
the  products  possess  resonance-stabilized  systems  of  double  bonds.  The 
ease  of  reaction  is  illustrated  by  the  fact  that  certain  compounds  of  this 
type  have  been  dehydrogenated  by  treatment  with  selenium  dioxide. 

ypical  examples  are  the  conversion  of  succinic  esters  to  fumaric  esters 
and  of  acetonylacetone  to  1,2-diacetylethylene. 


CH2C02R 
2  I 

ch2co2r 

ch2coch3 
2  | 

CH2COCH3 


+  Se02 

■R  Se02 


chco2r 

2  II 

chco2r 

CHCOCH, 
2  II 

CHCOCH3 


+  Se  +  2H20 
+  Se  +  2H20 


Irans- 1 ,2-Dibenzoylethylene  has  been 
in  a  similar  way.1 


made  from  1 ,2-dibenzoylethane 


1  Campbell  and  Khanna,  J.  Chem.  Soc.,  S33  (1949). 
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An  extremely  interesting  synthesis  of  hexatrienes  involves  this  type  of 
dehydrogenation.  The  Grignard  reagent  obtained  from  1,4-dibromobu- 
tane  (p.  131)  was  condensed  with  benzophenone,  fluorenone,  and  aceto¬ 
phenone  to  give  the  corresponding  hexanediols.  Dehydration  converted 
these  to  hexadienes,  which  in  turn  yielded  trienes  when  treated  with 
selenium  dioxide.  The  synthesis  of  l,l,6,6-tetraphenyl-l,3,5-hexatriene 
may  be  used  as  an  illustration. 


C6H5x 

c6h/ 


C  H 

CO  +  BrMgCH2CH2CH9CH2MgBr  +  Oc" 

xC6H5 


p  tt  OH 

WG-tlsx  | 

HO  r  „ 

I  /'^6ri5 

cch2ch2ch2ch2c 

CcH5/ 

nc2h5 

J 

—  2TT20 

c6h5v 

/C,;II5 

C=CHCHoCH2CH=C 

C(,H/ 

xc0h5 

Se02  or 

quinone 

C6H5v 

/CgH5 

C=CHCH=CHCH=C 

c6h5/ 

vC6H5 

The  glycol  was  obtained  in  a  50%  yield,  the  diene  quantitatively,  and 
the  triene  in  yields  above  50%. 2 

An  example  of  extreme  stabilization  of  an  ethylenic  bond  is  found  in 
tetraphenylethylene,  which  undergoes  nuclear  bromination  without  suf¬ 
fering  attack  at  the  double  bond.3 


The  diphenylpolyenes  show  a  very  marked  diminution  in  the  reactiv¬ 
ity  of  the  double  bonds  in  the  chain.  It  is  noteworthy  that,  of  the 
series  l,6-diphenyl-l,3,5-hexatriene  has  the  most  highly  aromatic 
chain!  being  extraordinarily  resistant  to  oxidation  by  permanganate,  foi 

example.4 

2  Schmitt,  Ann.,  547,  103  (1941). 

3  See  Bassett,  Thorne,  and  Young  J.  ^  ^ 

4  Kuhn  and  Winterstein,  Helv.  Chim.  Acta,  11,  87  (1928). 
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^-C’H=CH-CH=CH-CH=CH-</ 

1 ,6-Diphenyl-l  ,3,5-hexatriene 


It  seems  wise,  however,  to  retain  the  traditional  distinction  between 
open-chain  and  ring  compounds  and  restrict  the  term  aromatic  to  the 
cyclic  type. 

Chemists  have  always  been  impressed  by  the  ease  with  which  aromatic 
rings  are  formed  and  have  associated  this  facility  with  the  concept  of 
aromatic  character.  Many  examples  have  already  been  mentioned, 
particularly  in  connection  with  ring  closures  (p.  398)  and  dehydrogena¬ 
tion  (p.  268).  The  trimerization  of  acetylene  to  yield  benzene  also  has 
been  discussed  (p.  71).  Another  example  is  the  conversion  of  camphor 
to  p-cymene  by  the  dehydrating  action  of  phosphorus  pentoxide. 


ch3 

ch2 - c - c=o 

CH3CCH3 

CH2 - CH - CH2 


-h2o 

- y 


ch3 

X 

V 

CH 

ch3nch3 


According  to  the  resonance  theory,  the  degree  of  aromaticity  of  an 
aromatic  compound  is  measured  by  its  resonance  energy.  This  quantity 
is  the  difference  between  the  calculated  energy  of  formation,  i.e.,  the 
sum  of  the  bond  energies,  and  the  observed  value.  These  two  quantities 
differ  very  little  for  compounds  whose  structures  do  not  permit  reso¬ 
nance.  The  resonance  energies  (kilocalories/mole)  of  the  most  impor¬ 
tant  monocyclic  aromatic  compounds  are  the  following. 


Pyridine  43 

Benzene  39 

Pyrrole  31 

Thiophene  31 

Furan  23 


The  Aromatic  Sextet 

The  structural  characteristic  that  all  aromatic  rings  have  in  common 

is  f  r  :;1  aromatic  sextet- An  — at™  0r  j XSH, 1 

mulas  shows  that  not  only  benzene  but  also  pyridine  Dvrrolo  iW  ^ 
and  furan  possess  six  “extra”  electrons.  ’  ^  ’  10Phene> 
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The  resonance  theory  offers  a  mechanism  by  which  the  “aromatic 
sextet”  gives  to  a  ring  its  aromatic  character.  It  is  to  be  expected,  for 
example,  that  pyrrole  will  lose  its  aromaticity  when  it  forms  salts  with 
acids,  for  the  unshared  electron  pair  of  the  nitrogen  atom  is  required  for 
salt  formation  and  the  sextet  is  disrupted. 


HC - CH 

II  II 

HC  CH 


\-/ 

N 

H 


HC- 


HC 


-CH 

CH 


+ 


The  behavior  of  pyrrole  and  its  derivatives  towards  acids  amply  ful¬ 
fills  this  expectation.  The  double  bonds,  having  lost  their  aromatic 
character,  are  highly  reactive;  polymerization  occurs  therefore  when 

the  pyrroles  are  treated  with  acids. 

Indole  likewise  undergoes  polymerization  when  treated  with  acids; 
carbazole,  however,  is  not  sensitive  to  acids.  The  explanation  is  offered 
that  in  carbazole,  even  after  the  aromatic  sextet  of  the  pyrrole  ring  is 
broken  up,  both  double  bonds  of  the  pyrrole  ring  are  stabilized  by  the 
benzene  rings  of  which  they  are  a  part.  In  indole  salts,  on  the  other 
hand,  one  of  the  double  bonds  is  no  longer  a  part  of  an  aromatic  ring. 


/y-, 
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Indole 
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+  H+ 
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Carbazole 


/\ _ /\ 
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It  is  clear  also  that  pyrrole  cannot  be  a  strong  base,  since  its  unshared 
electron  pair  is  a  part  of  its  aromatic  sextet.  The  nitrogen  atom  in 
pyridine  has  an  unshared  pair  of  electrons  over  and  above  those  making 
up  the  sextet,  and  hence  pyridine  is  a  relatively  strong  base. 


/V 

\-/ 

\  // 

N 

N 

i 

H 

Pyrrole  Pyridine 

By  giving  up  its  unshared  electron  pair  to  form  the  aromatic  sextet, 
the  nitrogen  atom  in  pyrrole  develops  a  formal  positive  charge,  i.e.,  be¬ 
comes  electron  poor,  which  accounts  for  the  ability  of  pyrrole  to  form 
salts  with  metals  such  as  potassium.  This  is  another  way  of  saying  that 
pyrrole  is  acidic  because  of  resonance  stabilization  of  the  anion  formed 
by  removal  of  the  hydrogen  atom  from  the  nitrogen  atom. 

The  chemical  behavior  of  compounds  of  the  furan  series  also  shows 
that  when  the  oxygen  atom  takes  part  in  salt  formation  the  aromaticity 
of  the  ring,  in  so  far  as  it  is  due  to  the  aromatic  sextet,  disappears;  furans 
and  benzofurans  are  sensitive  to  acids,  whereas  dibenzofuran  is  not. 


Furan 


/\ _ /V 


vy 

Benzofuran 

(coumarone) 


-  tf'V' 

Dibenzofuran 
(diphenylene  oxide) 


However,  the  comparison  of  pyrrole  with  furan  neglects  the  fact  that 
in  furan  the  oxygen  atom  has  two  unshared  electron  pairs,  one  for  the 
aromatic  sextet  and  one  for  oxonium  salt  formation.  That  itTs  unable 
to  meet  both  these  demands,  made  evident  by  its  sensitiveness  t  i 
may  be  due  to  the  fact  that  donation  of  both  pairs  would^ *  ?J 
ygen  atom  too  large  a  positive  charge.  Moreover  the  ov  &  t  6  °*~ 
more  reluctant  to  give  up  electrons  than  is  nitrogen.  18 
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It  is  to  be  noted  that  in  a  ring  that  holds  two  or  more  heteroatoms  an 
unshared  electron  pair  of  only  one  of  them  is  required  for  the  aromatic 
sextet;  the  basic  properties  of  the  others  remain  essentially  intact. 
Imidazole,  for  example,  is  a  stronger  base  than  pyrrole  and  is  less  sensi¬ 
tive  to  acids.  The  basicity  of  imidazole,  as  compared  with  pyrrole,  is 
due  in  part  to  increased  resonance  stabilization  of  the  cation  because 
there  are  two  identical  structures  for  this  ion. 

HC=CH  HC=CH 
I  I  4 — ►  I  I 

iN  1N1  1N1  Ni 

\  /  \  A 

CH  CH 

Imidazole 


In  this  connection  it  is  interesting  to  consider  cyclopentadiene  and 
certain  of  its  derivatives.  Although  cyclopentadiene  is  not  and  would 
not  be  expected  to  be  aromatic,  the  anion  which  it  forms  when  one  of 
the  hydrogen  atoms  is  removed  as  a  proton  is  analogous  to  pyrrole, 
furan,  and  thiophene.  This  ion  meets  the  requirements  for  aromatic 
character,  since  it  has  the  aromatic  sextet.  It  is  presumed  that  res¬ 
onance  stabilization  of  the  ion  accounts  for  the  extreme  lability  of  the 
hydrogen  atoms  of  the  methylene  group. 


\  / 
Ax 

H  H 


Five  equivalent  resonance  structures  may  be  written  for  this  ion,  and  on 
this  account  resonance  stabilization  would  be  expected  to  be  pronounced. 


V 


V 


V 


V 
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The  problem  presented  by  the  fulvenes  is  more  complex.  Dimethyl- 
fulvene,  for  example,  may  be  written  in  the  following  limiting  structures. 
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II 

C 
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CII3  CII3 


©  c 

I 
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CHs  CII3 
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CH3  CHs 


®Y 

A® 

CH3  CIIs 


THE  AROMATIC  SEXTET 


593 


Bidiphenyleneethylene  can  be  represented  by  structures  of  the  follow¬ 
ing  types. 


_ /\ 

vVk/ 

vW 

11  * — 4 

f/yc^ 

< - ►  1 

/yQf\ 

v — v 

S/~ 

K/  V 

The  separation  of  charge  in  the  secondary  structures  would  enable  one 
of  the  cyclopentadiene  rings  to  become  aromatic  and  may  afford  an 
explanation  of  the  fact  that  dibiphenyleneethylene  reacts  adclitively 
with  Grignard  reagents.5 


/\ _ /\ 


/\ _ /\ 


vyv 


ii 
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+  RMgX 
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VyV 

4  |NMgX 

CR 


\/ — 


V' 


The  capacity  of  methylfulvenes  to  undergo  aldol  condensation  may  be 
explained  in  a  similar  fashion.  An  example  of  this  type  of  reaction  is  the 
condensation  of  anisaldehyde  with  biphenylenemethylethylene  to  give 
the  corresponding  anisal  compound.6 


f\ _ /\ 


ii 

CHCH3 


+  CH3O 


CHO 


-H,0 


4 


/\ _ /\ 


V\A/ 


CHCH=CH< 


'  ^.us°n  antl  Portor>  J-  Am.  Chem.  Soc.,  70,  895  (1948) 
Ziegler  and  Crossmann,  Ann.,  514,  89  (1934) 
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1  he  tendency  for  the  mobile  electron  pair  to  take  part  in  the  formation 
ol  the  aromatic  sextet  occasions  an  electron  deficit  at  the  carbon  atom 
joined  to  the  methyl  group.  In  other  words,  the  dibiphenylene  radical 
appears  to  behave  much  like  the  oxygen  atom  of  a  carbonyl  group. 


/\ _ /V 


v\a/ 


/\ 


H-C-CH3 


II-0CH3 

© 


Dioxadiene,  which  is  structurally  similar  to  furan,  has  been  found  not 
to  exhibit  aromatic  character  but  rather  to  behave  as  an  unsaturated 
aliphatic  ether.7  n 


CH- 


CH 

\  / 

O 


CH 

II 

CH 


CH  CH 

II  II 

CH  CH 

\  / 

0 


Furan 


Dioxadiene 


However,  these  unsaturated  molecules  do  not  possess  the  high  degree  of 
basicity  exhibited  by  dioxane;  they  are  not  soluble  in  water.  Presum¬ 
ably  resonance  lessens  the  availability  of  the  electron  pairs  on  oxygen  to 
such  a  degree  that  hydrogen  bonding  is  greatly  diminished. 


Pyridine 


A  fairly  satisfactory  interpretation  of  the  reactions  of  pyridine  can  be 
arrived  at  by  considering  the  azomethine  group  (-N=CH-)  as  a  reso¬ 
nance  stabilized  anil  group  with  a  definite  tendency  tow  ard  polar ization 

of  the  double  bond.  H© 
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/V 
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/  \ 
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The  tendency 
electron  poor  as 


toward  polarization  makes  the  2  and  4  carbon  atoms 
compared  to  those  in  the  3  positions.  Thus  substitu- 


7  Lappin  and  Summerbell,  J .  Org. 


Chem.,  13,  671  (1948). 
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tion  by  electrophilic  reagents  will  occur  at  the  3  positions.  The  fact 
that  substitution  normally  takes  place  at  the  3  positions  means  only 
that  these  positions  are  electron  rich  compared  to  the  2  and  4  positions. 
Pyridine,  because  of  the  electron  complement  of  the  nitrogen  atom,  may 
at  the  same  time  be  more  vulnerable  to  electrophilic  attack  than  ben¬ 
zene.  There  are  facts  which  indicate  that  this  is  so.  For  example,  quin¬ 
oline  undergoes  bromination  in  the  heterocycle. 


/\/\b 


T  Bi  2  ■  ) 

^  y 

\  // 

\  // 

+  HBr 


N 


N 


Nitration  and  sulfonation  are  slow  with  pyridine;  and  in  quinoline 
reaction  occurs  in  the  homocycle,  indicating  the  pyridine  ring  to  be 
more  resistant  to  nitration  and  sulfonation  than  is  benzene.  The  appar¬ 
ent  anomaly  is  easily  explained  when  it  is  recalled  that  these  reactions 
are  concerned  not  with  pyridine  and  quinoline  but  with  their  salts,  in 
which  the  rings  are  electron  poor. 

The  problem  of  orientation  of  groups  is  complicated  by  the  observa¬ 
tion  that  at  high  temperatures  pyridine  undergoes  bromination  preferen¬ 
tially  in  the  2  and  4  positions.8  Similar  results  have  been  obtained  with 
quinoline.  However,  this  type  of  anomaly  is  not  peculiar  to  the  pyri¬ 
dine  series;  bromobenzene  behaves  in  a  similar  way.9 

It  should  be  mentioned  also  that  3-bromopyridine  and  3,5-dibromo- 

pyridine  are  produced  when  pyridine  hydrobromide  perbromide  is 
heated  in  glacial  acetic  acid.10 

The  pyridine  ring  in  quinoline  is  more  resistant  to  oxidation  than  the 

homocycle;  oxidation  with  permanganate  destroys  the  benzenoid  rinn- 
producing  quinolinic  acid. 


/v\ 
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Vv'  .  N 


co2h 


k\  A»2H 


Similarly,  quinoxaline  yields  2,3-pyrazinedicarboxylic  acid. 


N 

/*■  \ 
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N 


N 

J  xCOoII 


V  VC°2H 


'“Eagtert  _  «•* 
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The  electron  deficit  at  the  2  and  4  positions  reveals  itself  in  the  be¬ 
havior  of  substituents  at  those  points.  A  methyl  group  in  one  of  these 
positions,  for  example,  exhibits  an  activity  reminiscent  of  that  of  methyl 
ketones.  Both  2-  and  4-picoline  are  capable  of  undergoing  aldol  conden¬ 
sation  with  benzaldehyde.  The  3  isomer  fails  to  react. 


/V 

+  C6H5CHO  — > 
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2-Picoline 
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ch=chc6h5 


+  h2o 


ch3 
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+  C0Hr,CHO 


\  // 

N 

4-Picoline 


+  h2o 


\  // 
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The  reactivity  of  these  methyl  groups  is,  of  course,  of  a  much  lower 
order  than  that  observed  in  methyl  ketones.  The  usual  conditions  for 
bringing  about  the  condensations  cited  are  rather  drastic,  involving 
zinc  chloride  as  a  catalyst  and  temperatures  from  180  to  230°.  The 
corresponding  methiodides,  however,  react  readily,  for  in  them  the 
polarization  of  the  —  N=CH-  linkage  is  more  extensive,  I  or  example, 
when  a  mixture  of  the  methiodide  of  2-picoline,  benzaldehyde,  a 
small  amount  of  ethanol,  and  a  few  drops  of  piperidine  is  allowed  to 
stand  at  room  temperature,  the  condensation  product  separates  in 
crystalline  form.11 
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The  methiodide  of  3-picoline,  as  was  to  be  expected,  fails  to  react. 

The  condensation  of  2-picoline  with  formaldehyde  leads  to  the  forma¬ 
tion  of  2-vinylpyridine. 
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+  h20 


11  Koelsch,  J.  Am.  Chem.  Soc.,  66,  2120  (1944). 
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Similar  reactions  occur  with  quinaldine  and  lepidine,  both  of  which 
have  reactive  methyl  groups.  The  formation  of  benzal  derivatives  is 
illustrative. 


CHs 
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Quinaldine 

ch3 
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+  h2o 

ch=chc6h5 

N 
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+  h20 
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Benzallepidine 


The  characteristic  electron  deficiency  at  the  2  and  4  carbon  atoms  in 
pyridine  has  a  predictable  effect  on  other  substituents  also.  The  amines, 
for  example,  are  less  basic  and  harder  to  diazotize  than  the  3  isomer. 
Replacement  of  the  amino  group  in  2-aminopyridine  by  bromine,  for 
example,  requires  a  special  procedure  involving,  it  is  believed,  inter¬ 
mediate  formation  of  a  perbromide  (OS  26,  16). 

/\  „  —  /\ 
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The  electron  deficit  at  the  2  and  4  positions  is  so  great,  in  fact,  that 
these  positions  are  attacked  by  nucleophilic  reagents.  Amination  by 
the  action  of  alkali  amides  (p.  308)  is  an  example. 

It  has  been  shown  that  the  azomethine  linkage  in  2-phenylquinoline 

is  attacked  by  phenyllithium,  producing  2,2-diphenyl-l,2-dihydroquin- 
oline.12  A  ^ 

C6H5Li^ 

j-c6h5  * 


N 


N 
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C6H5 

c6h5 


Substitution  in  the  Five-Membered  Heterocycles 

Examination  of  the  following  structures  shows  that  attack  of  pyrrole 
3^o»<itionPhl  1C  agCRtS  ^  Sh°Uld  °CCU1  m0le  readily  at  the  2  than  the 
12  ^man  an(l  Gainer,  J.  Am.  Chem.  Soc.,  69,  877  (1947). 
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Attack  at  the  2  position  would  produce  a  positive  ion  which  would  be 
a  resonance  hybrid  of  the  three  preceding  structures.  The  ion  generated 
by  attack  at  the  3  position  would  be  less  highly  stabilized  by  resonance, 
the  following  structures  being  possible. 
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Similar  predictions  have  been  made  regarding  furan  and  thiophene. 
Actually  all  three  compounds  appear  to  yield  2  substitution  products 
preferentially  (CR  11,  323). 

The  tendency  to  undergo  2  substitution  is  so  strong  in  furan,  for 
example,  that  it  occurs  no  matter  what  substituent  may  occupy  the 
other  2  position.  It  is  clear  from  the  following  formulas  that  an  electron¬ 
releasing  group  such  as  hydroxyl  would  facilitate  substitution  in  the 
other  2  position. 
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An  electron-absorbing  group  such  as  carbonyl  would  be  expected  to 
stabilize  the  ring  against  attack  but  not  to  alter  the  orienting  effect, 
since  it  would  favor  the  following  structure. 

HC=CH  Q 

©HC  i  C— CR 

\  ^ 

O© 


In  view  of  the  resonance  structures  in  which  an  unshared  electron 
pair  appears  on  carbon,  it  is  not  surprising  that  these  molecules  undergo 

substitution  more  readily  than  benzene. 
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Indole  is  remarkable  in  that  it  undergoes  substitution  preferentially 
in  the  3  position.  A  possible  explanation  of  this  apparent  anomaly  can 
be  found  by  comparing  the  intermediates  that  would  be  involved  in 
substitution.13 


I 


II 


The  intermediate  involved  in  attack  at  tne  3  position  (I)  is  regarded  as 
more  likely  to  form,  since  it  inhibits  resonance  in  only  one  ring,  whereas 
formation  of  the  intermediate  involved  in  2  substitution  (II)  entails 
inhibition  of  resonance  in  both  rings. 


Condensed  Aromatic  Nuclei 

Compounds  containing  condensed  aromatic  nuclei  have  varying  num¬ 
bers  of  resonance  structures.  Naphthalene,  for  example,  may  have  the 
following  three  structures. 

/vx  /\/\ 
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w 


For  anthracene  there  are  four  such  structures. 


In  a  similar  way  phenanthrene  may  be  represented  by  five  different 
structures. 

/\  S\  /< 


A/y 

vv  kaJ  vU  Uv  Uv' 

According  to  resonance  theory,  structures  such  as  these  should  con 
‘bt“  *>  -to*  >«.  of  the  moloch 

13  Waters,  J.  Chem.  Soc.,  727  (1948). 
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amount  of  the  resonance  energy  should  increase  with  the  number  of 
resonance  structures. 

this  statement  is  borne  out  by  the  following  values  for  the  reso¬ 
nance  energies  (kilocalories/mole). 


Benzene,  39 
Naphthalene,  75 
Anthracene,  105 
Phenanthrene,  110 


Anthracene,  however,  is  more  reactive  than  phenanthrene. 

The  most  characteristic  feature  of  aromatic  compounds  is  their 
reluctance  to  assume  the  o-quinoid  or  1,2-dihydro  structure.  The  sta¬ 
bility  of  these  compounds  falls  in  the  following  order  and  is  a  remarkable 
index  to  the  relative  aromaticity  of  the  several  ring  systems. 


Thus  increasing  stability  of  the  1 ,2-dihydro  structure  corresponds  to  an 
inverse  order  of  reactivity.  Hydrogenation  and  oxidation,  for  example, 
become  increasingly  easy  as  one  progresses  from  benzene  to  anthracene. 
Anthracene  owes  its  great  reactivity  to  the  o-quinoid  structure  of  the 


middle  ring. 

Naphthalene.  The  reactions  of  naphthalene  and  its  derivatives 
suggest  that  the  nucleus  has  the  symmetrical  arrangement  of  bonds.  In 
other  words,  the  molecule  reacts  as  though  the  bond  at  the  1,2  position 
has  more  double-bond  character  than  that  at  the  2,3  position. 

One  group  of  pertinent  facts  concerns  the  ability  of  certain  naphthols 
to  undergo  substitution  reactions.  An  example  is  the  observation  that 
4-methyl- 1-naphthol  (I)  couples  with  diazotized  amines,  whereas 
l-methyl-2-naphthol  (II)  does  not  (Gilman  I,  148). 
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/\/\och2ch=ch2 

vV 


IV 


Similarly  allyl  2-naphthyl  ether  (III)  undergoes  the  Claisen  rearrange¬ 
ment,  yielding  the  1 -allyl-  rather  than  the  3-ally lnaphthol.  If  the  1 
position  is  occupied,  as  in  the  allyl  2-naphthyl  ether  (IV),  no  rearrange¬ 
ment  occurs. 

The  allyl  ether  of  2,6-dihydroxynaphthalene  undergoes  rearrangement 
involving  entry  of  allyl  groups  in  1  positions.  However,  the  allyl  ether 
of  this  product  is  stable,  no  1  positions  being  available. 


r^VAoCgHs 
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.  Cyclization  reactions  in  which  a  new  ring  is  fused  on  a  benzene  ring 
seem  to  take  place  in  such  a  way  as  to  include  in  the  new  ring  one  of  the 
“double”  bonds  of  the  old  ring.  Thus  in  the  Skraup  reaction  of  2-naph- 
thylamines  the  closure  occurs  preferentially  at  position  1. 


N 


V 


Closure  of  the  ring  at  position  3  is  of  rare  occurrence.14  An  example  is 

the  formation  of  the  linear  benzoquinoline  from  l-chloro-2-naphthvl- 
amine.15  ^  J 


Cl 


NH. 
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A  similar  reaction  occurs  between  2-naphthyIamine  and  acetylacetone. 

“Johnson  and  Mathews,  J.  Am.  Chem.  Soc.,  66,  210  (1944) 

Fries,  V  alter,  and  Schilling,  Ann.,  616,  285  (1935), 
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The  yield  from  the  anil  is  96%. 

One  of  the  reactions  which,  though  not  realized  with  phenols  of  the 
benzene  series,  can  be  brought  about  in  the  naphthalene  series  is  direct 
etherification  in  the  presence  of  an  acid  catalyst  (p.  81).  In  2-naphthol 
this  reaction  is  inhibited  or  greatly  hindered  by  a  substituent  in  posi¬ 
tion  l.16 
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Apparently  the  formation  of  the  intermediate  is  prevented  bjr  steric 
hindrance. 

As  has  been  indicated  (p.  288),  halogenation  of  2-naphthol  does  not 

introduce  a  halogen  into  position  3. 

The  1 ,8-dialky  1-2, 7-dihydroxynaphthalenes  may  be  represented  by 

structure  III  or  IV. 
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Compounds  of  this  type,  as  well  as  l,5-dialkyl-2,6-dihydroxynaphtha- 
lenes,  fail  to  undergo  such  reactions  as  coupling,  and  their  ally  1  ethers 
fail  to  rearrange.  These  facts  have  been  interpreted  to  mean  that  t  e 
bond  structure  is  that  represented  by  HI  and  that  the  structure  is  char- 

acterized  by  considerable  rigidity.  #  , 

An  explanation  of  the  unreactivity  of  the  3  position  m  naphthalene 

holding  a  substituent  in  the  2  position  has  been  sought  in  the  nature 
the  intermediate  that  would  be  involved  (p.  280). 

»  Fieser  and  Lothrop,  J.  Am.  Chem.  Soe.,  67,  1459  (1935). 
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This  intermediate  (I)  corresponds  to  the  2,3-quinone,  which  has  never 
been  made  and  is  presumably  of  very  high  energy  content.  To  form  it 
the  resonance  of  two  benzenoid  rings  must  be  inhibited. 

An  interesting  idea  about  the  Kekule  structures  of  benzene  was 
brought  forward  by  Mills  and  Nixon,17  who  suggested  that  fusion  of  a 
small  ring  on  the  benzene  ring  might  tend  to  stabilize  the  benzene  ring 
in  one  of  the  two  possible  Kekule  structures.  They  postulated,  for 
example,  that  in  hydrindene  the  structure  in  which  the  carbon  atoms 
holding  the  small  ring  are  connected  by  a  single  bond  (a)  would  be  more 
stable  than  that  in  which  they  are  joined  by  a  double  bond  (6). 


It  has  not  been  possible  to  verify  the  Mills-Nixon  hypothesis;  experi¬ 
mental  observations  indicate  that  in  hydrindene  the  tendency  toward 
appaient  fixation  of  bonds  is  much  less  than  in  naphthalene.  However, 
there  does  seem  to  be  a  definite  preference  for  structure  a. 

The  Fries  Rule.  A  rule  laid  down  by  Fries  states  that  each  aromatic 
ring  of  a  polynuclear  compound  tends  to  assume  the  bond  structure 
which  most  nearly  approaches  the  condition  of  an  isolated  benzene 
ring.10  The  application  of  this  rule  may  be  illustrated  by  phenanthrene, 
for  which  four  Kekule  structures  are  possible.  One  of  these  (6)  would  be 

expected  to  make  a  greater  contribution  to  the  resonance  energy  than 
the  others. 


aA/ 


w 


a 


A 
I 

A/V 


w 

b 

17  Mills  and  Nixon,  J .  Chem.  Soc.,  2510  (1930). 
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Anthracene  cannot  assume  a  structure  in  which  all  three  rings  are 
truly  benzenoid. 


WV 


a 


WV 

b 


The  Fries  rule  indicates  structure  a  as  the  more  important.  All  avail¬ 
able  evidence  supports  this  prediction  and  indicates  that  structure  b 
plays  a  very  minor  role. 

According  to  the  Fries  rule,  the  structure  (a)  given  earlier  for  tri- 
phenylene  (p.  136)  would  be  less  important  than  that  represented  by  b. 


In  a  only  the  central  ring  is  truly  benzenoid,  whereas  in  b  all  four  are 
benzenoid. 
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As  was  pointed  out  in  Chapter  XVII,  reactions  responsible  for  ring 
closure  are  also  capable  of  producing  linear  molecules.  For  example, 
7-phenylbutyryl  chloride  might  be  expected  not  only  to  form  1-tetralone 
by  cyclization  (p.  398)  but  also  to  yield  open  chains  such  as  the  following. 

<(3(CH2)3C0  <(3(CH2)3C0C1 


<3(CH2)3C0<(3(CH2)3C0/3(CH2)3C0C1 

<f3(CH2),C0^3(CH8)3C0^>(CH2),C0<f3>(CHa)iC0CI 


Similarly,  hydroxy  acids  may  react  intramolecularly  to  form  lactones 
or  intermolecularly  to  produce  polyesters. 


H0(CH2)nC02H 


zH0(CH2)nC02H 


0(CH2)nC0  -j-  H20 
i _ i 

Lactone 


H0[(CH2)nC02]x_1(CH2)„C02H  +  (*  -  1)H20 

Polyester 

Many  olefmic  compounds  react  in  such  a  way  as  to  form  long  chains. 
Thus  vinyl  chloride  can  be  converted  into  linear  polyvinyl  chloride 

«CH2=CHC1  - >  -[CH2CHC1]„- 

Similarly,  formaldehyde  may  yield  not  only  a  cyclic  derivative 
(p.  2)  but  also  the  polyoxymethylenes,  which  are  made  up  of  long 


mJH20 


-LVH2Ojn- 


The  linear  molecule  in  all  such  cases  differs  from  the  corresponding 
nng  compound  m  that  it  has  retained  the  bifunctionality  of  the  orS 

compound  and  ,s  able  to  react  further.  The  reaction  is  thus  f  ulcHonaul 
capable  of  proceeding  indefinitely.  Such  reaction,  ,,-o  l-„  3unm°nally 
zation  reactions  (Gilman  I,  701).  6  kn°Wn  aS  P°lyneri- 

t,^e  term  polymer  has  come  to  have  a  meaning  very  different  fr 
that  assigned  to  ,t  by  Berzelius  in  1833.  He  employed  the  word  to  ^ 
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ignate  the  more  complex  of  two  compounds  having  the  same  composi¬ 
tion  but  differing  in  molecular  weight.  From  what  has  been  said,  how¬ 
ever,  it  is  cleai  that  according  to  present  terminology  a  polymer  need 
not  have  exactly  the  composition  of  the  parent  monomer. 

A  more  useful  definition  of  the  term  polymer  is  that  it  is  a  high- 
molecular-weight  substance  whose  molecules  are  made  up  of  one  or 
more  recurring  structural  units.  This  definition  embraces  not  only  the 
synthetic  products  made  by  polymerization  but  also  many  naturally 
occurring  substances  such  as  rubber,  cellulose,  and  proteins.  It  should 
be  pointed  out,  however,  that  this  definition  fails  to  take  into  account 
the  end  groups,  which  must  always  differ  in  composition  from  the  re¬ 
curring  units. 

For  low-molecular- weight  materials  the  terms  dimer,  trimer,  tetramer , 
etc.,  are  to  be  preferred.  Thus  benzene  is  described  as  a  trimer  of  acety¬ 
lene  rather  than  as  a  polymer. 

Types  of  Polymerizations 

It  will  have  been  noticed  that  the  polymerization  of  vinyl  chloride 
and  formaldehyde  to  produce,  respectively,  polyvinyl  chloride  and 
poly oxy methylenes  differs  from  the  other  examples  cited  in  that  the 
polymer  is  the  sole  product.  In  the  other  reactions  water  or  hydrogen 
chloride  was  eliminated.  This  difference  permits  polymerization  reac¬ 
tions  to  be  divided  into  two  classes.  Those  reactions  which  involve  the 
elimination  of  water,  alcohol,  hydrogen  halides,  or  other  small  molecules 
are  called  condensation  polymerization  (CR  39,  137). 1  Other  polymeriza¬ 
tion  processes  are  known  as  addition  polymerization. 

It  should  be  mentioned  that  compounds  which  are  extensively  asso¬ 
ciated  by  hydrogen  bonding  (p.  79)  are  in  reality  polymeric.  How¬ 
ever,  the  bonds  by  which  the  parent  molecules  are  held  together  are 
very  weak,  and  the  polymer  usually  exhibits  the  reactions  of  the  mon¬ 
omer.  Such  large  molecules  may  be  called  association  polymers. 

Poly  esterification 

As  was  noted  earlier  (p.  605),  hydroxy  acids  may  form  esters  by 
intramolecular  or  intermolecular  self-esterification.  Similar  results  may 
be  obtained  by  condensing  polyhydroxy  compounds  with  polybasic 
acids  for  such  compounds  do  form  esters  that  are  at  the  same  time 
hydroxy  acids.  An  example  is  the  reaction  of  ethylene  glycol  with 
oxalic  acid,  the  first  step  of  which  is  the  following. 

i  Carothers,  J.  Am.  Chem.  Soc.,  51,  2548  (1929). 
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00  ?? 

HOCH2CH2OH  +  HOCCOH  - >  HOCH2CH2OCCOH  +  H20 

Polyesterification  has  furnished  especially  interesting  results  because 
it  is  a  reversible  process,  permitting  ready  interconversion  of  products. 
Thus  it  has  been  observed  that  many  six-membered  lactones  and  cyclic 
esters  change  spontaneously  into  the  corresponding  polyesters.  6-Val- 
erolactone,  trimethylene  carbonate,  and  ethylene  oxalate  are  examples. 

nCHoCHoCH2CH2C=0 
i - o - 1 

5-Valerolactone 

CH2— o 

n  CH2  '(3=0 

i.  / 

CH2— 0 

Trimethylene 
•  carbonate 


H20 


HO[(CH2)4CO]nH 


H20 


0 

HO[(CH2)3OCO]nH 


o 

/  \ 

ch2  c=o 


n 


CH, 


C=0 


O 


O  O 

HO[CH2CH2OC-CO]nH 


Ethylene 

oxalate 


By  contrast,  five-membered  lactones  and  esters  are  stable.  Examples 
are  y-butyrolactone  and  ethylene  carbonate. 


CH2CH2CH2C=0 
1 - O - 1 


ch2-ox 

I  c=o 
ch2-ck 

Ethylene  carbonate 


7-Butyrolactone 

As  a  rule  lactones  and  cyclic  esters  having  fewer  than  five  members  or 
more  than  six  readily  form  polyesters.  Many  linear  polyesters,  on  the 

fn  200  t  ’  H  dePolymerized  under  the  influence  of  catalysts 

(p.  201)  to  yield  monomeric  and  dimeric  cyclic  esters.  An  example  is 
the  conversion  of  the  polyester  from  14-hydroxymyristic  acid  to  the 
corresponding  monomer  and  dimer  3  *  to  1 


CH2(CH2)12C=0 
1 - O - 1 


Monomer 


CH2(CH2)12C=0 

O  6 

0=C-(CH2)12-CH2 

Dimer 
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If  the  polyester  is  heated  at  270°  under  1  mm.  pressure,  the  yield  of 
monomer  is  high,  being  fifteen  times  that  of  the  dimer.  It  is  extremely 
interesting  that  the  monomer  is  formed  much  less  readily  from  the  poly¬ 
ester  of  1 0-hydroxy capric  acid.  In  this  case  the  amount  of  dimer  is 
about  six  times  that  of  the  monomer. 


CH2(CH2)8C=0  CH2(CHo)8C=0 

'  A  'A 

0=C(CH2)s — ch2 

Monomer  Dimer 

This  difference  is  another  illustration  of  the  well-established  rule  that 
very  large  rings  are  more  easily  formed  than  those  of  intermediate  size. 

If  either  the  alcohol  or  the  acid  has  more  than  two  functional  groups, 
cross-linking  will  occur  and  the  polyester  will  no  longer  be  linear  but 
three  dimensional.  The  polyester  formed  by  treating  glycerol  with 
phthalic  anhydride,  for  example,  has  a  structure  of  the  following  type. 


co2ch2chch2o2c 


o2c/N 


OoC 


S/ 


-02C- 


-co2ch2chch2o2c- 


Three-dimensional  polymers  of  this  sort  are  known  as  alkyd  resins  and 
are  very  important  industrially.  The  linear  esters  soften  when  heated 
and  are  said  to  be  thermoplastic.  Cross-linking,  however,  if  it  proceeds 
sufficiently  far,  deprives  a  polymer  of  its  plasticity. 


Polyamide  Formation 

Attempts  to  synthesize  polyamides  fall  into  two  categories,  depending 
on  the  choice  of  raw  materials.  Esters  of  amino  acids  can  be  caused  to 
lose  alcohol  to  yield  cyclic  or  polymeric  amides.  The  production  of 
diketopiperazine  from  esters  of  glycine  has  been  mentioned  (p.  525). 

The  /?-,  T-,  and  5-amino  acids  and  their  esters  are  likewise  unsuitable 
for  polyamide  formation.  As  might  be  expected  from  the  behavior  of 
/3-hydroxy  acids  (p.  96),  /3*-amino  acids  readily  lose  ammonia  to  yield 
a,/3-unsaturated  acids.  The  y-  and  5-amino  acids  yield  stable  cyclic 

amides  known  as  lactams. 


POLYAMIDE  FORMATION 


609 


RCHCH2CH2C02H 

nh2 


rchch2ch2co  +  h20 

C — NH 1 


rchch2ch2ch2co2h 

nh2 


rchch2ch2ch2co  +  h2o 

I - NH - 1 


If  the  functional  groups  are  farther  apart,  however,  polyamides  form 
the  chief  product.  e-Aminocaproic  acid,  for  example,  yields  a  polymer 
(I)  in  equilibrium  with  a  small  amount  of  the  seven-membered  lac¬ 
tam  (II). 

H[NH  (CH2)5CO]nOH  HN(CH2)5CO 

i _ i 

I  II 


Linear  polyamides  are  produced  also  by  the  interaction  of  dibasic 
acids  with  diamines,  an  outstanding  example  being  the  reaction  between 
adipic  acid  and  hexamethylenediamine. 

H02C(CH2)4C02H  +  H2N(CH2)6NH2  — h'2°> 

— CO(CH2)4CONH(CH2)6NHCO(CH2)4CONH(CH2)6NH  — 

Polyamides  of  this  type  which  have  sufficiently  high  molecular  weights 
have  the  property  of  forming  strong  fibers,  the  most  important  of  which 
is  nylon. 

A  remarkable  method  of  producing  polyamides,  discovered  by  Leuchs 
in  1906,  consists  in  heating  the  N-carboxyl  anhydrides  of  a-amino  acids. 

The  reaction  involves  loss  of  carbon  dioxide  and  takes  the  following 
course. 


HN-CO 

I  >0 

CHCO 

i 

R 


-C02 

- ►  — HNCHCONHCHCONHCHCO  — 

i  i  i 

R  R  R 


An  interesting  example  of  this  type  of  polymer  formation  is  involved 
in  t  e  preparation  of  polylysine.  The  e-amino  group  is  masked  by  con¬ 
version  to  the  carbobenzoxy  derivative  (p.  194),  the  actual  monomer 
being  e-carbobenzoxy-a-carboxyllysine  anhydride.2 


HN — CO 

I  >0 

CH-CO 
.  (CH2)4 
HNcb 


-C02 


4 


-  -  -HNCHCONHCHCONHCHCO  -  -  - 

(CH2)4  (CH2)4  (CH2j4 

HNcb  HNcb  HNcb 


(cb  =  OCOCII2C6II5) 

2  Katchalski,  Crossfeld,  and  Frenkel,  J.  Am.  Chem.  Sac.,  70,  2094  (1948). 
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Treatment  of  the  polymer  with  phosphonium  iodide  removes  the  carbo- 
bcnzoxy  gioups,  yielding  the  hydroiodide  of  polylysine. 

-  -  -HN CH-CONHCH — CONHCH — CO  -  -  - 

(CH2)4  (CH2)4  (CH2)4 

nh2  nh2  nh2 

Polylysine 


Polymers  from  Formaldehyde 

It  has  already  been  pointed  out  that  the  carbonyl  group  contains  a 
center  of  low  electron  density  as  well  as  one  of  high  electron  density 
(p.  2).  One  might,  therefore,  expect  carbonyl  compounds  to  behave  as 
bifunctional  molecules  and  undergo  self-condensation.  This  picture  of 
the  polymerization  reaction  is  in  keeping  with  the  fact  that  very  long- 
chain  polyoxymethylenes  are  obtained  from  liquid  formaldehyde  at  low 
temperatures. 

Paraformaldehydes  probably  differ  from  the  polyoxymethylenes  only 
in  having  a  lower  molecular  weight.  It  is  supposed  that  normally  the 
end  groups  in  these  polymers  are  hydroxyl. 

HOCH2OCH2 . OCH2OCH2OH 

However,  such  substances  have  been  obtained  with  methoxy  or  acetoxy 
groups  as  end  groups  also  (Gilman  I,  768). 

HOCH2OCH2 - OCH2OCH3 

CH3OCH2OCH2 . OCH2OCH3 

°  O 

CH3COCH2OCH2 . OCH2OCCH3 

These  polymers  may  contain  as  many  as  100  oxymethylene  units. 

Under  very  high  pressure  higher  aldehydes  such  as  n-butyraldehyde 
and  n-valeraldehyde  form  hard  solids  which  may  be  structurally  analo¬ 
gous  to  the  polyoxymethylenes. 

As  was  noted  earlier  (pp.  2,  179),  formaldehyde  yields  a  trimer,  s-tri- 
oxane  or  a-trioxymethylene  (I).  Acetaldehyde  forms  paraldehyde, 
which  appears  to  be  a  similar  ring  compound  (II). 

O 

/  \ 

CH3CH  CHCH3 

O  O 

\  / 

CHCH3 

II 
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Formaldehyde  reacts  readily  with  certain  types  of  compounds  nota¬ 
bly  urea,  melamine,  and  phenols— to  produce  polymeric  substances  that 
are  cheap  and  useful  for  many  purposes.  The  net  result  of  such  con¬ 
densations  is  the  coupling  together  of  the  amide  or  phenol  molecules  by 
methylene  groups. 

The  phenol-formaldehyde  polymers  formed  by  alkaline-catatyzed 
condensation  are  believed  to  have  structures  of  the  following  general 


type. 


OH 


OH 


CTL 


-CH2- 


^Ych2-/Ych2-^3>-oh 


V  V 

ch2  ch2 


CH; 


I 


-CHo-<r 


>OH 


ch5 


HO<^  ^>~CH; 

CST 


Inspection  of  this  structure  shows  that  these  polymers  are  not  linear  but 
three  dimensional  or  cross  linked.  The  polymers  exhibit  physical 
properties  in  accord  with  this  type  of  structure,  being  hard  and  infusi¬ 
ble.  At  earlier  stages  in  the  reaction  the  polymers  are  capable  of  being 
molded  into  desired  shapes,  after  which  further  heating  carries  the  reac¬ 
tion  to  completion,  producing  infusible  products.  Such  polymers  are 
said  to  be  thermosetting. 

The  polymers  derived  from  formaldehyde  and  urea  or  melamine  are 
similarly  cross  linked  and  possess  thermosetting  properties.  However, 
the  structures  of  these  substances  have  not  been  definitely  established' 
One  structure  proposed  for  the  urea-formaldehyde  polymers  is  of  the 
following  type.  -CH2-NH  HN-CH2-NH 

CO  CO  CO 
HN-CH2-N  HN-CH2- 


ch2 

-NH  HN  HN-CH2- 
co  CO  CO 
HN-CH2-N-CH2-NH 


Another  suggestion  is  that  rings 

CO— N- 


CH2-N- 


-N 


CHc 


CH2-N- 

I 


-N 


CTL 


CH2-N- 


II 
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Structure  II  is  formed  in  melamine,  a  triamino  compound  derived  from 
cyanamide  by  way  of  dicyandiamide. 


h2ncn 


Cyanamide 


N 

h2n-c=nh  h2n-c^  \j-nii, 

HNC=N  *  N  N 

\  / 
c 

nh2 

Melamine 


Melamine  forms  a  polymethylol  derivative  with  formaldehyde  which  is 
further  condensed  by  heating,  the  final  product  being  similar  to  the 
urea-formaldehyde  polymers. 


Addition  Polymerization 

Addition  polymerization  occurs  when  unsaturated  molecules  unite 
with  themselves  or  with  other  types  of  molecules  to  form  chains.  The 
peroxide-catalyzed  addition  of  sulfhydryl  compounds  to  olefins  (p.  52) 
may  serve  as  an  example.  If  the  sulfhydryl  group  and  the  olefinic  link¬ 
age  are  incorporated  in  the  same  molecule,  the  reaction  may  yield  a 
polymer  of  the  following  type. 

nCH2=CH (CH2)XSH  - >  CH2=CH(CH2)x[SCH2CH2(CH2)x]n_1SH 

A  similar  polymer  can  be  obtained  from  a  mixture  of  a  diene  and  a 
disulfhydryl  compound.  For  example,  1,6-hexanedithiol  and  1,5-hex- 
adiene  react  according  to  the  following  equation  to  form  a  polysulfide. 

rcCH2=CH(CH2)2CH=CH2  +  nHS(CH2)6SH  - > 

CH2=CH(CH2)4[S(CH2)6.]n_iS(CH2)6SH 


Vinyl  Polymerization 

The  addition  polymerization  that  occurs  when  certain  vinyl  com¬ 
pounds  are  treated  with  suitable  catalysts  has  no  exact  parallel  in  classi- 
cal  organic  chemistry.  An  unsaturated  molecule  becomes  activated  and 
reacts  with  other  unactivated  molecules  to  give  long-chain  compounds, 
and  then  in  some  way  the  process  is  stopped.  The  over-all  transforma¬ 
tion  involves  three  phases— initiation,  propagation,  and  termination. 

It  is  a  general  rule  that  compounds  containing  the  group  CH2-C  will 
polymerize.  Ethylene  and  isobutylene  are  among  the  simple  olefins 
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that  undergo  vinyl  polymerization.  If  electron-attracting  groups  are 
attached  to  the  olefinic  linkage,  polymerization  is  usually  facilitated. 

Remarkable  examples  are  the  esters  of  acrylic  and  methacrylic  acids. 
Methyl  methacrylate  will  serve  to  illustrate  this  type  of  polymerization. 
It  forms  long  chains  in  which  the  vinyl  groups  are  linked  end  to  end. 


C02CH3  co2ch3  co2ch3  co2ch3 

-  -  -CH2-C - CH2C - CH2C - CH2C  -  -  - 

ch3  ch3  ch3  ch3 


The  product,  polymethylmethacrylate,  is  a  thermoplastic  polymer  which 
has  the  appearance  of  glass  and  is  sold  under  the  trade  names  Plexiglas 
and  Lucite. 

Many  other  vinyl  monomers  have  become  important  industrially. 
The  following  are  examples. 


Styrene 

CH2=CHC6H5 

Acrylates 

ch2=chco2r 

Vinyl  chloride 

ch2=chci 

Vinylidene  chloride 

ch2=cci2 

Vinyl  acetate 

ch2=chococh3 

Vinyl  ketones 

ch2=chcor 

Vinyl  ethers 

ch2=chor 

Divinyl  ether 

ch2=choch=ch 

Acrylonitrile 

ch2=chcn 

Methacrylonitrile 

ch2=ccn 

-  1  i 

ch3 

1,3-Butadiene 

ch2=chch=ch2 

Isoprene 

ch2=cch=ch2 

ch3 

Chloroprene 

ch2=cch=ch2 

Cl 

2,3-Dimethyl- 1 ,3-butadiene 

ch2=c - C=CH2 

1  1  ^ 

ch3  ch3 

^  myl  Polymerization  may  be  initiator!  u  i  r  , 
fluoride  and  aluminum  chloride,  or  by  a  peroxide*  ‘hv  1 SUCh  “  b°r°r 

acetyl  peroxide,  benzoyl  peroxide  and  i-  Hydl'°Scn  peroxide 

3  peroxide,  and  sodium  persulfate  are  anion* 
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the  catalysts  most  frequently  employed.  Heat  and  irradiation  likewise 
may  serve  to  start  the  polymerization. 

It  is  believed  that  peroxides  yield  free  radicals,  which  initiate  the 
reaction.  In  support  of  this  theory  is  the  fact  that  diazo  compounds, 
metal  alkyls,  and  other  substances  which  decompose  by  way  of  free 
ladicals  may  serve  as  catalysts  for  vinyl  polymerization.  In  a  peroxide- 
catalyzed  polymerization  which  is  interrupted  before  it  is  complete,  one 
never  finds  polymers  of  intermediate  weight,  but  only  monomers  and 
polymers  having  very  high  molecular  weights.  On  the  other  hand,  when 
the  catalyst  is  boron  fluoride,  it  is  possible  to  isolate  products  of  all  sizes 
from  the  dimer  up.  Since  traces  of  peroxides  commonly  are  present  in 
organic  compounds  of  many  types,  it  often  happens  that  polymerization 
occurs  prematurely  by  adventitious  contact  of  the  monomer  with  a 
catalyst.  For  this  reason  antioxidants  are  commonly  added  to  the  mon¬ 
omers  to  preserve  them.  Among  the  most  useful  of  these  are  phenolic 
and  amino  compounds.  Hydroquinone  is  an  important  example.  This 
preservative  is  effective  only  in  the  presence  of  oxygen  and  is  believed 
to  function  as  a  source  of  quinone,  which  is  the  real  stabilizer  (p.  615). 

Vinyl  polymerizations  which  are  initiated  by  peroxides  are  believed 
to  proceed  by  a  free-radical  mechanism.  The  polymerization  of  styrene, 
for  example,  may  be  formulated  as  follows. 

R  •  +  CH2=CH  - >  RCH2CH  • 

c6h5  c6h5 

rch2ch  •  +  ch2=ch  — ►  rch2chch2ch  • 

c6h5  c6h5  c6h5  C6H5 

Continuation  of  this  process  yields  long  chains,  the  final  step  in  polymer 
formation  being  the  attachment  of  an  end  group. 

Modifiers,  such  as  dodecyl  mercaptan,  used  in  the  manufacture  of 
GR-S  rubbers  (p.  615),  are  believed  to  act  as  chain-transfer  agents.  A 
molecule  of  the  mercaptan  may  react  with  one  polymer  radical  to  stop 
its  growth,  and  at  the  same  time  produce  a  radical  which  may  start  the 
growth  of  another.  The  chain-transfer  process  may  be  represented  by 
the  following  equations.3 

(1)  ZCH2CH(CH2CH)xCH2CH-  +Ci2H25SH  - y 

i  i  i 

R  R  R 

ZCH2CH(CH2CH)xCH2CH2  +  Ci2H25S- 

R  R  R 

3  Snyder,  Stewart,  Allen,  and  Dearborn,  J.  Am.  Chem.  Soc.,  68,  1422  (1946);  W  all, 
Banes,  and  Sands,  J.  Am.  Chem.  Soc.,  68,  1429  (1946). 
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(2)  C12H25S  •  +  CH2-CH 

R 


C12H25SCH2CH 

R 


- >  Q2H25SCH2CHCH2CH - > 

R  R 

Ci2H25SCH2CH(CH2CH)xCH2CH  • 

R  R  R 


(4)  Ci2H15SCH2CH(CH2CH)jCH2CH-  +  Ci2H25SH  - ► 

R  R  R 

C12H25SCH2CH(eH2CH)*CH2CH2  +  C,2H25S- 

1  I 

R  R  R 

The  inhibitory  effects  of  quinones  and  aromatic  polynitro  compounds 
appear  to  be  due  to  their  reaction  with  the  free  radicals  to  form  new 
free  radicals  that  are  resonance  stabilized  to  such  a  high  degree  that  they 
are  not  effective  in  promoting  polymerization. 


Copolymerization 


When  a  mixture  of  different  vinyl  compounds  undergoes  polymeriza¬ 
tion,  chains  may  be  formed  which  contain  more  than  one  type  of  struc¬ 
tural  unit.  The  Vinylite  polymers,  for  example,  are  made  by  polymer¬ 
izing  a  mixture  of  vinyl  chloride  and  vinyl  acetate.  The  product  is  a 
copolymer  and  is  made  up  of  chains  that  probably  are  unlike,  since  the 
two  monomers  do  not  react  at  the  same  rate  and  the  relative  concentra¬ 
tions  of  reactants  do  not  remain  constant.  Although  copolymeriza¬ 
tion  does  not  occur  with  every  pair  of  polymerizable  vinyl  compounds, 
many  copolymers  have  been  made. 

The  most  important  copolymers  are  a  group  of  synthetic  rubbers 
produced  by  the  so-called  GR-S  recipe.  It  involves  polvmerizing  a  mix¬ 
ture  of  styrene  and  butadiene  in  the  ratio  of  about  1  to  3,  dodecyl  mer¬ 
captan  being  employed  as  a  modifier.  The  diene  enters  the  polymer 
chain  by  1,4  as  well  as  1,2  addition,  thus  giving  rise  to  the  following  three 
types  of  structural  units  in  the  polymer. 


-ch-ch2-  -CH2CH=CHCH2- 


-ch2ch- 

CH 

II 

ch2 


The  structure  of  the  polymer  is  not  known,  but  there 
chains  of  the  following  type  may  be  present. 


is  evidence  that 
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CH2CH-CHCH2CH2CH-  / CHCHoN  -CH2CH=CHCH2- 

CH  \C6H5  )x 

ch2 

Heteropolymerization 

It  is  extremely  interesting  that  certain  unsaturated  substances  which 
do  not  polymerize  readily  alone  may  be  caused  to  enter  the  polymer 
chains  by  the  copolymerization  technic.  An  example  is  the  formation  of 
a  polymer  from  a  mixture  of  styrene  and  maleic  anhydride.  Maleic 
anhydride  does  not  polymerize  readily  alone  but  enters  into  polymer 
formation  with  styrene.  The  product,  a  heteropolymer ,  contains  equal 
numbers  of  styrene  and  maleic  anhydride  units  which  occur  alternately 
throughout  the  chain. 

Another  example  of  heteropolymerization  is  the  copolymerization  of 
olefinic  compounds  with  sulfur  dioxide,  which  does  not  polymerize 
alone.  The  products  are  poly sulf ones  having  the  so-called  head-to- 
head,  tail-to-tail  structure 

R  R 

-[CHCH2S02CH2CHS02]n- 


Telomerization 

The  addition  of  halogenated  methanes  to  olefins,  mentioned  earlier 
(p.  57),  has  been  shown  to  give  rise  to  polymers  in  many  instances. 
Thus,  when  carbon  tetrachloride  is  condensed  with  styrene  in  the 
presence  of  acetyl  peroxide,  the  chief  product  is  a  polymer  of  the  type 
Cl3C(C6H5CHCH2)nCl.4 

The  mechanism  that  has  been  offered  for  the  formation  of  this  polymer 
involves  the  following  steps. 


(CH3COO)2  - 

— *•  CH3-  +  C02  +  CHaCOO- 

(A) 

ch3  •  +  CC14  - 

— ►  CH3CI  +  -CC13 

C B ) 

c6h5ch=ch2  +  •  CCla  - 

-- >  .CHCH2CC13 

CgH5 

(C) 

•  CHCH2CC13  +  CcH5CH-CH2  - 
C6H5 

— ►  .chch2chch2cci3 

C,;Ho  CJIs 

C D ) 

4  Kharasch,  Jensen,  and  Urry,  J.  Am.  Chem.  Soc.,  69,  1100  (1947). 
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The  secondary  free  radicals  formed  in  step  D  may  unite  \\  ith  anothei 
molecule  of  styrene  and  by  repetition  of  this  process  give  rise  to  a  pol¬ 
ymeric  free  radical. 

•  CHCH2[CHCH2]„CC13 

c6h5  c6h5 

The  growth  of  the  chain  is  terminated  by  reaction  of  the  free  radical 
with  carbon  tetrachloride. 

•  CHCH2[CHCH2]nCCl3  +  CC14  - > 

c6h5  c6h5 

C6H5CHCH2[CHCH2]nCCl3  +  -CC13 

Cl  c6h5 

It  will  be  noted  that  this  polymer  is  not  made  up  of  a  recurring  struc¬ 
tural  unit  but  is  of  the  type  X-(A)n-Y.  Such  polymers  have  become 
known  as  telomers ,  and  the  process  by  which  they  are  produced  is  termed 
telomerization;  the  compound  X-Y  is  called  a  telogen. 

Another  type  of  telomer  forms  when  ethylene  is  condensed  with  an 
acetal,  methyl  formal  being  an  example.  One  product  contains  57 
ethylene  units.5 

/OCH3  /OCH3 

57CH2=CH2  +  CH2  - ►  H[CH2CH2]57-CH 

xoch3  och3 

0 

% 

Similai  telomers  have  been  produced  from  ethylene  and  various  oxygen- 
and  sulfur-containing  telogens. 


Plasticizers 

The  rigidity  of  a  polymer  may  be  reduced  and  its  elasticity  increased 
by  incorporating  in  it  substances  known  as  plasticizers,  the  function  of 
which  is  to  increase  the  plasticity  of  the  polymer.  Infiltration  of  the 
molecules  of  the  plasticizer  weakens  the  intermolecular  forces  that  are 
responsible  for  the  inflexibility  of  the  polymer.  These  cohesive  forces 

are  associated  with  the  functional  groups  spaced  at  intervals  along  the 
polymer  chain. 

The  functional  groups  of  the  plasticizer  as  well  as  those  of  the  polymer 
bring  about  cohesion  by  virtue  of  their  polar  character.  In  order  for  a 
plasticizer  to  be  effective  its  dipoles  must  be  of  a  magnitude  similar  to 

tZihk.  P  ymCr;  °therWiSe  the  PlaStidzer  and  would  not 


5  u.  S.  Patent  2,395,292. 
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It  is  understood  that  the  points  at  which  two  dipoles  come  together 
are  constantly  being  broken  and  reformed  and  that  the  plasticizer  mol¬ 
ecule  may  wander  from  place  to  place  or  even  come  to  the  surface.  It  is 
important  therefore  that  it  be  relatively  nonvolatile  so  that  it  will  not 
escape.  Most  plasticizers  are  small  molecules,  although  polymeric 
plasticizers  are  also  well  known.  In  fact,  it  is  possible  to  build  into  the 
polymer  chain  long  side  chains  that  serve  as  “internal”  plasticizers  by 
shielding  the  dipoles. 
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a-Aminophenylacetic  acid,  104 
p-Aminophenylacetic  acid,  507 

2- Aminopyridine,  309,  597 
diazotization  of,  521 

3- Aminopyridine,  309,  537 
diazotization  of,  521 

4- Aminopyridine,  309,  521 
2-Aminoquinoline,  309 
4-Aminoquinoline,  309 
4-Aminoveratrole,  537 
Ammonolysis,  118,  193,  201,  295 
Amyl  alcohols,  112 

n-Amyl  alcohol,  112 
UAmyl  alcohol,  112 
n-Amylbenzene,  158 
Anethole,  160,  231 
Angeli  rule,  284,  288 
Angular  methyl  group,  348,  455 
Anhydride  formation,  86,  197 
Anhydrides,  193 
cyclic,  86 

in  ring  closures,  400 
Aniline,  529 

bromination  of,  287 
diazotization  of,  520 
from  chlorobenzene,  120 
iodination  of,  290 
nitration  of,  295 
oxidation  of,  531 
reaction  with  sodium,  519 
structure  of,  273 
sulfonation  of,  302 
Anisaldehyde,  231,  593 
reduction  of,  358 
Anisic  acid,  351 
p-Anisidine,  196 
Anisole,  123,  314 
,  cleavage  of,  180 
lithium  derivative  of,  304 
Anthanthrone,  568 
Anthracene,  488,  503 
bromination  of,  287 
oxidation  of,  243 
peroxide  of,  225 
purification  of,  68 
reaction  with  dienophiles,  64 
structure  of,  599,  604 
9-Anthraldehyde,  344 


Anthranilic  acid,  525,  557,  567,  568 
diazotization  of,  521 
from  phthalimide,  538 
iodination  of,  291 
reduction  of,  262 
Anthranol,  502 
Anthraquinone,  243 
anthrone  from,  502 
reduction  potential  of,  496 
sulfonation  of,  302 

1- Anthraquinonesulfonic  acid,  302 

2- Anthraquinonesulfonic  acid,  302,  582 
Anthrone,  411,  502 

nitration  of,  42 
preparation  of,  502 
Antioxidants,  218,  225 
Armstrong- Wynne  rule,  302 
Arndt-Eistert  reaction,  554 
Aromatic  character,  587 
Aromatic  nitro  compounds,  292 
as  explosives,  509 
reduction  of,  507 
Aromatic  sextet,  589 
Aromatization,  269 
Arsanilic  acid,  303 
Arsonation,  303 

/3-Arylhydroxylamines,  508,  516 
Aryloxyacetic  acids,  123 
Aryl  radicals,  12 
Ascaridole,  224 
Ascorbic  acid,  416 
Association,  79,  606 
of  carboxylic  acids,  80 
Autoxidation,  217 
Azelaic  acid,  232 
Azibenzil,  553 
Azides,  551 

formation  of,  524,  539 
Azines,  375,  473 
Azlactones,  450 
Azobenzene,  509,  511,  521,  531 
Azo  compounds,  160,  548,  556 
Azo  dyes,  286 

2-Azo-5fs-isobutyronitrile,  532 
Azomethane,  decomposition  of,  10,  548 
formation  of,  533 
Azophenetole,  556 
Azoxy benzene,  509,  516,  521 
Azoxy  compounds,  509 
Azulenes,  268 
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Baeyer  strain  theory,  22 
.  Baeyer  test,  228 
Baker-Nathan  effect,  289 
Barbier-Wieland  method,  232 
Barbituric  acid,  202 
nitration  of,  42 
Bart  reaction,  304,  5G6 
Bechamp’s  method,  303 
Beckmann  rearrangement,  514 
Benedict  test,  226 
Benzalacetone,  442 

cinnamic  acid  from,  464 
Benzalacetone  dibromide,  47,  151 
Benzalacetophenone,  formation  of,  442, 
487 

reaction,  with  acetophenone,  487 
with  benzene,  469 
with  bromine,  47 
with  diphenylketene,  394 
with  ethyl  malonate,  484 
with  Grignard  reagents,  477 
with  hydrogen  cyanide,  475 
with  hydrogen  sulfide,  471 
with  oxidizing  agents,  483 
with  phenyllithium,  480 
with  sodium  bisulfite,  475 
Benzalaniline,  371 
Benzalazine,  375 

Benzal-p-bromoacetophenone,  489 
Benzal  chloride,  33 
Benzaldehyde,  autoxidation  of,  225 
from  benzal  chloride,  1 14 
from  benzyl  chloride,  120 
from  mandelamide,  538 
from  toluene,  245 
nitration  of,  300 
Benzallepidine,  597 
Benzalpht  halide,  455 
preparation  of,  448 
Benzalpinacolone,  442 
Benzalquinaldine,  597 
Benzal- m-toluidine,  371 
1,2-Benzanthrol,  acetate  of,  401 
Benzanthrone,  311 
formation  of,  271,  411 
Benzene,  587 

addition  of  chlorine  to,  47 
bromination  of,  275,  286 
chlorination  of,  117,  281,  289 
from  acetylene,  71 


Benzene,  from  cyclohexene,  268,  542 
from  methylcyclopentane,  20 
from  phenylhydrazine,  532 
iodination  of,  290 
mercuration  of,  305,  307 
nitration  of,  276,  292 
oxidation  of,  234 
sulfonation  of,  276,  301 
Benzenediazoacetate,  569 
decomposition  of,  12 
Bcnzenediazoic  acid,  511 
Benzenediazonium  chloride,  548 
Benzenedisulfonic  acid,  301 
Benzenesulfonic  acid,  301 
Benzenesulfonyl  chloride,  302,  585 
preparation  of,  578 
Benzidine,  565 
formation  of,  535 
tetrazotization  of,  520 
Benzidine  rearrangement,  535 
Benzil,  272 

cleavage  of,  236 
from  benzoin,  39,  242 
from  desoxybenzoin,  248 
rearrangement  of,  359 
Benzilic  acid,  140,  359 
Benzilic  acid  rearrangement,  359 
Benzils,  553 

quinoxalines  from,  373 
Benzimidazole,  210 
1 ,2-Benzo-3,4-dihydrocarbazole,  547 
Benzofuran,  591 
Benzohydrol,  354,  355 
Benzohydroxamic  acid,  202 
Benzoliydrylsuccinic  acid,  400 
Benzoic  acid,  236,  483 
from  benzotrichloride,  117 
from  phthalic  acid,  212 
from  propiophenone,  237 
nitration  of,  299 
sulfonation  of,  581 
Benzoic  anhydride,  197 
Benzoin,  380 

Benzoin  condensation,  380 
reversibility  of,  381 
Benzoins,  320,  380 
mixed,  381 
Benzologs,  415 

Benzonitrile  from  toluene,  56 
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Benzophenone,  213,  334 
from  benzophenone  dichloride,  115 
from  diphenylmethane,  247 
reduction  of,  263,  354 
Benzophenone  dichloride,  115 
Benzophenone  hydrazone,  375 
Benzophenone  oxime,  374 
Benzopinacol,  94 
preparation  of,  363 
iS-Benzopinacolone,  94 
cleavage  of,  464 
o-Benzoquinone,  496 
p-Benzoquinone,  496,  572 
as  dienophile,  61,  499 
formation  of,  234,  243,  532 
reaction  with  diphenvlketene,  394 
reduction  potential  of,  496 
1,2,3-Benzotriazole,  558 
Benzotrichloride,  102,  103 
from  toluene,  33 
hydrolysis  of,  116 
nitration  of,  299 
Benzoylacetanilide,  202 
Benzoylacetone,  379,  428 
cleavage  of,  462 
Benzoylacetonitrile,  128 
/3-Benzoylacrylic  acid,  337 
e-Benzoylamino-tx-bromocaproic  acid,  38 
o-Benzoylbenzoic  acid,  336,  367 
3-Benzoylcarbazole,  571 
Benzoyl  chloride,  103 
Benzoyl  cyanide,  129 
1-Benzoylcyclohexene,  58 
Benzoyleneurea,  525 
Benzoylformic  acid,  203 
N-Benzoylglycine,  195,  450 

1- Benzoylnaphthalene,  271,  334 

2- Benzoylnaphthalene,  334 
8-Benzoyl-l-naphthoic  acid,  367 
Benzoyl  peroxide,  12 
N-Benzoylpiperidine,  196,  533 
/3-Benzoylpropionic  acid,  336 

dehydration  of,  86 
2-Benzoylpyridine,  247 
2-Benzoylthiophene,  339 
5-Benzoylvaleric  acid,  237 
3,4-Benzphenanthrene,  570 
Benzyl  alcohol,  from  benzaldehyde,  163, 
175 

from  benzylamine,  522 


Benzyl  alcohol,  from  benzyl  chloride,  1 
Benzylamine,  121,  522,  524 
Benzylaniline,  119 
Benzyl  benzoate,  359 
o-Benzylbenzoic  acid,  502 
Benzyl  bromide,  34 
Benzyl  chloride,  520 
from  benzene,  321 
from  toluene,  33,  35 
Benzyl  chloroformate,  194 
Benzyl  chloromethyl  ketone,  114,  554 
Benzyl  l-hydroxy-4-naphthyl  ketone, 
343 

Benzyl  mercaptan,  122 
Benzyl  methyl  ketone,  203,  213,  214 
from  acetophenone,  552 
from  phenylacetonitrile,  429 
Benzylphenylcarbinol,  490 
Benzyl  phenyl  ether,  261 
Benzyl  radical,  12 
Benzylsuccinic  anhydride,  400 
Bergius  process,  253 
Biacetyl,  242,  249,  553 
phenylhydrazone  of,  559 
reaction  with  ketene,  394 
Biallyl,  130 
rearrangement  of,  73 
Bianisyl,  159 
Biaryls,  137,  568 
Bibenzyl,  159 
Bicyclohexyl,  159,  267 
Bimethallyl,  73 
Bimolecular  reduction,  363 
l,l'-Binaphthyl-8,8'-dicarboxylic  acid, 

568 

Binaphthyls,  325 
Biotin,  262 
Biphenyl,  159 
acylation  of,  338 
from  benzene,  234 
from  bicyclohexyl,  267 
from  bromobenzene,  136,  260 
from  dibromobenzenes,  260,  261 
in  Dowtherm  A,  405 
nitration  of,  294 
Biphenylene,  137 
Biphenylenemethylethylene,  593 

1,4-Biradicals,  12,  27,  240 
Bischler-N apieralski  method,  406 
o-Bitolyl,  137 
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Blaise  method,  170 
'  Blanc  rule,  215 
Blending  agents,  61 

Bodroux-Chichibabin  method,  169 

Boron  fluoride,  419,  428 
Bouveault-Blanc  method,  362,  365 
Bouveault  method,  168 
Brassidic  acid,  72 
Bredt’s  rule,  153 
Bromal,  37 
Bromination,  31,  286 
Bromoacetal,  152,  370 
Bromoacetaldehyde,  37,  370 
Bromoacetic  acid,  38 
Bromoacetone,  36 
co-Bromoacetophenone,  36 
p-Bromoacetophenone,  334 
3-Bromo-4-aminotoluene,  207,  560 
a-Bromobenzalacetone,  152 
p-Bromobenzal  bromide,  34 
p-Bromobenzaldehyde,  114,  247 
Bromobenzene,  286 

bromination  of,  278,  288,  595 
o-Bromobenzoic  acid,  310 
p-Bromobenzoin,  320 
p-Bromobiphenyl,  569 
7-Bromobutyric  acid,  26 
Bromocamphor,  153 
a-Bromo-/i-caproic  acid,  38 
m-Bromochlorobenzene,  163 
o-Bromochlorobenzene,  563 
p-Bromochlorobenzene,  131 
a-Bromoeinnamaldehyde,  152 
3-Bromocyclohexene,  31 
S'-Bromo-d-dimethylaminobenzoin,  381 
/3-Bromoethyl  ethyl  sulfide,  576 
^-Bromoethyl  phenyl  ether,  124 
Bromoform,  441,  464 
3-Bromo-4-hydroxytoluene,  560 
a-Bromoisocaproic  acid,  38 
a-Bromoisovaleric,  acid,  38 
Bromomesitylene,  287 
Bromomethyl  acetate,  387 
Bromomethylation,  323 

1-Bromomethylnaphthalene,  34,  323 

1- Bromonaphthalene,  287 

6- Bromo-2-naphthol,  140,  288 

7- Bromo-l-naphthol,  404 
m-Bromonitrobenzene,  281,  310 

2- Bromo-3-nitrobenzoic  acid,  307 
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Bromonium  ion,  48 

2-Bromopentane,  155 
Bromophenacyl  acetate,  116 
9-Bromophenanthrene,  287 
/3-Bromophenctole,  144 
o-Bromophcnol,  281,  579 
p-Bromophenol,  281 
«-B  romo-a-pheny lacetone ,  318 
a-Bromophenylacetonitrile,  37,  318 
Bromophthalide,  113 

a-Bromopropionaldehyde,  diethyl  acetal, 

37 

/3-Bromopropionic  acid,  204 
7-Bromopropyl  phenyl  ether,  124 

2- Bromopyridine,  595,  597 

3- Bromopyridine,  595 

4- Bromopyridine,  595 
/3-Bromostyrene,  149 
N-Bpmosuccinimide,  31,  34 

formation  of,  536 
m-Bromotoluene,  561 
o-Bromotoluene,  563 
p-Bromotoluene,  34,  504,  563 

3- Bromo-p-toluidine,  207,  560 

4- Bromo-o-xylene,  119,  287 
Bucherer  reaction,  106 
Buna-S  rubber,  265 

1.3- Butadiene,  540,  550,  571 
condensation  with  ethylene,  63 
from  n-butane,  264 

from  1,3-butanediol,  88 
from  1,4-butanediol,  384 
from  butenes,  264 
from  cyclohexane,  17 
from  cyclohexene,  15,  17 
from  ethanol,  88 
from  pyrrolidine,  540 
from  tetrahydrofuran,  384 
polymerization  of,  615 
reaction,  with  benzene,  317 
with  hydrogen  chloride,  50 
n-Butane,  chlorination  of,  29 
dehydrogenation  of,  20,  264 
isomerization  of,  18 
nitration  of,  40 
oxidation  of,  251 
pyrolysis  of,  16 

1.3- Butancdiol,  76 
dehydration  of,  88 
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1.4- Butanediol,  384 
vinylation  of,  70 

2,3-Butanediol,  cleavage  of,  239,  240 
dehydration  of,  92 

1.2.4- Butanetricarboxylic  acid,  492 

1-Butanol,  438 

1 - Butene,  141,  264 

2- Butene,  141,  264 
Butenylbenzene,  317 
n-Butyl  acetal,  200 
N-/-Butylacetamide,  205 
/-Butyl  acetate,  195 
n-Butyl  acrylate,  200 
n-Butyl  alcohol,  438 

Z- Butyl  alcohol,  55,  522 
Z-Butylamine,  206,  534 
n-Butylbenzene,  137 
Z-Butylbenzene,  chlorination  of,  35 
n-Butyl  bromide,  98 
n-Butyl  n-butyrate,  241 
n-Butylcarbitol,  181 
n-Butylcellosolve,  181 
n-Butyl  chloride,  100 
Z-Butyl  chloride,  100 
Z-Butylethylene,  89,  90 
Z-Butyl  hydroperoxide,  218 
/-Butyl  isobutyl  ketone,  213 
n-Butyllithium,  132 
2-Z-Butylnaphthalene,  325 
n-Butyl  nitrite,  85 
n-Butyl  o-nitrophenyl  ether,  124 
/-Butyl  perbenzoate,  218 
/-Butyl  peroxide,  218 
/-Butyl  perphthalate,  218 
o-/-Butylphenol,  260 
n-Butyl  phosphate,  85 
1-n-Butylpyrrolidine,  536 
n-Butyl  sulfate,  86 
n-Butyl  sulfite,  85 
n-Butyl  p-toluenesulfonate,  584 
5-Z-Butyl-m-xylene,  294,  325 

1- Butyne,  73 

2- Butyne,  73 
2-Butyne-l,4-diol,  384 
n-Butyraldehydc,  445,  610 

from  acetaldehyde,  438 
from  1 -butanol,  241 
Butyroin,  364 
7-Butyrolactone,  607 
Butyrophenone,  180 


n-Butyryl  chloride,  102 
chlorination  of,  30 

Camphor,  435,  589 
Camphoric  acid,  435 
Cannizzaro  reaction,  355 
crossed,  358,  451 
intramolecular,  359 
Caproaldehyde,  169,  438 
e-Caprolactam,  514,  519 
Caproylresorcinol,  333 
Carane,  474 
Carbamates,  196 
Carbamyl  chlorides,  529 
Carbanion,  2,  14 
Carbazole,  308,  571,  590 
acetylation  of,  337 
vinylation  of,  76 

3-Carbet  hoxycoumarin,  444 
2-Carbethoxycyclopentanone,  393,  434 
5-Carbethoxy-2,4-dimethylpyrrole,  157 
/-Carbinamines,  206 
Carbitol,  181 
Carbobenzonic  acids,  490 
Carbobenzoxy  chloride,  194 
Carbobenzoxy  group,  194,  261 
Carbonate  ion,  193 
Carbon  black,  250 
Carbon  disulfide,  529,  530 
Carbonium  ion,  2,  14 
Carbon  monoxide,  184 
loss  of,  387 
structure  of,  184 
Carbon  suboxide,  395 
from  malonic  acid,  87 
Carbon  tetrabromide,  57 
Carbon  tetrachloride,  29,  317 
Carbonyl  bridge  compounds,  68 
Carbonyl  compounds,  352,  552 
nitration  of,  299 

Carbonyl  group,  reactions,  with  alcohols, 
366 

with  amino  compounds,  370 

with  ammonia,  370 

with  diazo  compounds,  552 

with  diazomethane,  552 

wit h  2,4-dinitrophenylhydrazine, 

376 

with  Girard’s  reagent  P,  377 
with  Girard’s  reagent  T,  377 
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Carbonyl  group,  reactions,  with  Gngnard 
reagent,  102,  163,  105 
with  hydrazine,  375 
with  hydrogen  cyanide,  379 
with  hydroxylamine,  374 
with  mercaptans,  370 
with  o-phenylenediamine,  373 
with  phenylhydrazine,  375 
with  phosphorus  pentachloride,  386 
with  reducing  agents,  354 
with  semicarbazide,  376 
with  sodium  bisulfite,  377 
with  water,  366 
Carbowax,  182 
/3-Carboxyadipic  acid,  492 
Carboxylate  ion,  78,  192 
Carboxylic  acids,  acid  chlorides  from,  101 
association  of,  80 
dehydration  of,  87 
derivatives  of,  192 
from  carbon  monoxide,  188 
from  Grignard  reagents,  171 
from  nitriles,  203 
pyrolysis  of,  210 
salts  of,  192,  210 

Carboxymethoxylamine,  374,  515 
Carboxymethylation,  105 
o-Carboxypheny  lacetonitrile,  1 83 
Carbylamine  reaction,  530 
Carbylamines,  530 
Carcinogenic  hydrocarbons,  503 
Carriers,  33,  276,  286 
Carvacrol,  74 
Carvone,  74 
Catechol,  350 

from  o-di chlorobenzene,  118 
from  guaiacol,  178 
from  salicylaldehyde,  235 
hydrogenation  of,  254 
Cellosolve,  181 
Cetyl  alcohol,  100 
Chain  reaction,  11,  20,  28 
Chain  transfer  agent,  614 
Chalcone,  442 
Chelate  rings,  286 
Chelation,  105,  285,  341,  346 
Chelidonic  acid,  429 
Chemiluminescence,  161,  226 
Chloral,  175 
cleavage  of,  117 


Chloral,  from  ethanol,  39 
Chloral  hydrate,  366 
Chloramine-T,  536,  576 
Cliloretone,  441 
Chlorination,  28,  289 

with  sulfuryl  chloride,  34,  289 
Chloroacetaldehyde,  240 
Chloroacet amide,  201 
Chloroacetic  acid,  37 
Chloroacetone,  420 

cyanohydrin  from,  380 
Chloroacetonitrile,  209 
ar-Chloroacetophenone,  333 
p-Chloroacetylacetanilide,  337 
Chloroacetyl  chloride,  395 
9-Chloroacridine,  401 
a-Chloroacrylic  acid,  383 
Chloroamines,  536 
o-Chloroaniline,  521 
p-Chloroaniline,  571 
m-Chlorobenzaldehyde,  88,  562 
p-Chlorobcnzaldehyde,  114,  147,  167 
reaction  with  chloroform,  441 
Chlorobenzene,  281,  289 
ammonolysis  of,  120 
hydrolysis  of,  117 
nitration  of,  295 
structure  of,  275 

o-Chlorobenzenediazonium  bromide,  563 
o-Chlorobenzoic  acid,  245 
p-Chlorobenzoic  anhydride,  197 
o-Chlorobenzoyl  chloride,  37 
4-Chlorobiphenyl,  165 
4-Chloro-l -butanol,  384 
/3-Chloro-i-butylbenzene,  35 
4-Chlorobutyl  benzoate,  179 
Chlorobutyric  acids,  dissociation  con¬ 
stants  of,  78 

7-Chlorobutyronitrile,  204,  423,  519 
preparation  of,  128 
2-Chlorocyclohexanol,  53 
2-Chlorocyclohexanone,  113,  114 
preparation  of,  36 
a-Chlorodesoxybenzoin,  318 
a-Chloro  ethers,  370 
a-Chloroethylbenzene,  35,  313 
m-Chloroethylbenzene,  326 
o-Chloroethylbenzene,  326 
bis- (2-Chloroethyl)  disulfide,  56,  577 
/3-Chloroethyl  ethyl  formal,  419 
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2-Chloroethylsulfenyl  chloride,  577 
Chloroform,  117,  464 
cyanoethylation  of,  491 
from  methane,  29 
in  aldol  condensations,  441 
2-Chlorolepidine,  101,  260 
p-Chloromercuribenzoic  acid,  245,  306 
o-Chloromercuriphenol,  305,  306 
p-Chloromercuri  toluene,  245,  305 
Chloromethyl  acetate,  39 
Chloromethylation,  321 
Chloromethyl  methyl  ether,  322,  370 
as  alkylating  agent,  426 

1- Chloromethylnaphthalene,  321 

2- Chloromethylthiophene,  322 

1- Chloronaphthalene,  289,  322 

2- Chloronaphthalene,  322 

1- Chloro-2-naphthylamine,  601 
m-Chloronitrobenzene,  562 
o-Chloronitrobenzene,  126,  295 

ammonolysis  of,  295 
p-Chloronitrobenzene,  295 
ammonolysis  of,  295 

2- Chloropentane,  49 
Chloropentanes,  29 

hydrolysis  of,  112 
l-Chloro-4-phenylbutane,  158 
a-(p-Chlorophenyl)cinnamaldehyde,  571 
p-Chlorophenyl  isocyanate,  529 
p-Chlorophenyl  isothiocyanate,  530 
ra-Chlorophenylmethylcarbinol,  88,  163 
Chloroprene,  542 
dimerization  of,  66 
formation  of,  50 

0-Chloropropionaldehyde,  226,  468 
a-Chloropropionic  acid,  38 
/3-Chloropropionic  acid,  226,  241 
a-Chlorostyrene,  150,  386 
m-Chlorostyrene,  88 
Chlorosulfonation,  301,  302 
Chlorosulfonic  acid,  301 
o-Chlorotoluene,  118 
oxidation  of,  245 
preparation  of,  562 
p-Chlorotoluene,  118 
chlorination  of,  281 
preparation  of,  562 
Chlorotoluenes,  cresols  from,  118 
Chugaev  method,  90 
Chugaev-Zerevitinov  method,  155 


Cinchoninic  acid,  544 
Cinnamalacetophenone,  493 
Cinnamaldehyde,  501,  571 
hydrogenation  of,  257 
in  aldol  condensation,  449,  490 
oxidation  of,  483 
pent  aery thritol  from,  452 
preparation  of,  264 
propiolaldehyde  from,  369 
reaction,  with  hydrazine,  473 
with  sodium  bisulfite,  474 
Cinnamamide,  538 
Cinnamic  acid,  446 
from  benzalacetone,  464 
from  cinnamaldehyde,  483 
from  a-truxillic  acid,  27 
oxidation  of,  228 
Cinnamonitrile,  484 
Cinnamoyl  chloride,  102 
Cinnamyl  alcohol,  257 
Cinn&myl  chloride,  99 
Cinnoline,  548 
Cinnolines,  548,  572 
Citraconic  acid,  96 
Citraconic  anhydride,  96 
Citric  acid,  391 

from  dichloroacetone,  380 
from  ketopinic  acid,  360 
pyrolysis  of,  96 
Claisen  acylation,  428 
reversal  of,  436 
Claisen  alkylation,  426 
Claisen  condensation,  428 
Claisen  rearrangement,  320,  327,  601 
Claisen-Schmidt  method,  442 
Claisen’s  solution,  78 
Clemmensen  reduction  method,  360,  398, 
504 

Composition  B,  529 
Condensation,  of  acetylene,  71 
of  olefins,  69 
a-Coniine,  542 
Conjugate  activation,  499 
Conjugate  addition,  467 
Conjugated  systems,  crossed,  492 
long,  493 

Cope  rearrangement,  329 
Copolymerization,  615 
Copolymers,  615 
Copper-chromium  oxide,  256 
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Cordeau-Bickford,  452 
Coumaric  acid,  447 
Coumarilic  acid,  152 
Coumarin,  447 
Coumarin  dibromide,  152 
Coumarins,  410 
Coumarone,  591 
Coupling,  136,  159,  556 
Cracking,  14 
ra-Cresol,  118 
o-Cresol,  118 
p-Cresol,  118,  581 
bromination  of,  34 
nitration  of,  278 
Cresols,  118 
Croeonic  acid,  191 

Crossed  Cannizzaro  reaction,  358,  451 
Crossed  conjugated  systems,  492 
Crotonaldehyde,  88,  477,  490,  501 
from  aldol,  438 
pentaerythritol  from,  452 
reaction  with  benzaldehyde,  500 
Crotonic  acid,  204,  227,  549 
Crotononitrile,  129,  141 
Crotyl  alcohol,  355 
Crotyl  bromide,  173 
Cryptophenols,  78 
Cumene,  317,  324 
bromination  of,  288 
hydroperoxide  from,  220,  222 
Cumulenes,  145 
Cupferron,  516 
Cuprene,  71 
Curtius  reaction,  539 
Cyanamide,  612 
Cyanation,  343 
Cyanic  acid,  525 
Cyanide  ion,  structure  of,  184 
Cyanoacctamide,  201,  209 
Cyanoacetic  acid,  128 
decomposition  of,  210 
Cyanoacetic  ester,  see  Ethyl  cyanoace- 
tate 

p-Cyanobenzaldehyde,  247 
p-Cyanobenzoic  acid,  129 
1-Cyano-l, 3-butadiene,  98,  494 
6zs-(/3-Cyanoethyl)amine,  461,  473 
Cyanoethylation,  471,  491 
Cyanogen  bromide,  533 
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Cyanohydrins,  379 
dehydration  of,  98 
hydrolysis  of,  204 
/S-Cyanohydrocinnamic  acid,  476 
Cyanomethylation,  104 
2-Cyano- 1  -naphthol,  404 
a)-Cyanopelargonic  acid,  210 
9-Cyanophenanthrene,  129 
4-Cyanoquinoline,  461 
Cyclic  poly  ketones,  190 
Cyclobutane,  26 

Cyclobutanecarboxylic  acid,  199,  423 

1.2- Cyclobutanedicarboxylic  acid,  423, 

424 

1.3- Cyclobutanedicarboxylic  acid,  70, 

424 

Cyclobutane  ring,  cleavage  of,  26 
Cyclobutanone,  554 
Cyclobutene,  542 
Cyclobutylamine,  542 
Cyclobutyl  bromide,  216 
Cyclobutylcarbinol,  523 
Cyclobutylmethylamine,  523 
Cyclodecanone,  553 
Cyclodehydration,  402,  458,  503 
Cyclodehydrogenation,  270 
Cycloheptane,  268 

1.2- Cycloheptanedione,  250 
Cycloheptanol,  523 
Cycloheptanone,  215,  553 
Cycloheptene,  523 
Cyclohexane,  252 

acetylation  of,  44 
nitration  of,  41 

1,4-Cyclohexanedicarboxylic  acid,  424 
trans-l, 2-Cyclohexanediol,  231 

1.3- Cyclohexanediol,  262 

1.2- Cyclohexanedione,  249 
rearrangement  of,  360 

1.3- Cyclohexancdione,  254 
Cyclohexanol,  175,  252,  262 

dehydration  of,  87 
Cyclohexanone,  215,  458,  547 
from  cyclohexanol,  241 
from  phenol,  252,  254 
in  Tollens  condensation,  451 
reaction  with  diazomethane,  553 
reduction  of,  175 
Cyclohexanone  oxime,  206 
Cyclohexanone  semicarbazone,  377 
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Cyclohexene,  577 
bromination  of,  31 
disproportionation  of,  208 
from  cyclohexanol,  87 
hydroperoxide  from,  223 
ozonization  of,  238 
pyrolysis  of,  15,  67 
Cyclohexene  chlorohydrin,  53 
Cyclohexene  oxide,  125 
Cyclohexylamine,  526 
Cyclohexylcarbinol,  162 
Cyclohexylideneacetone,  488 
Cyclohexylmethylamine,  523 
a-Cyclohexylphenylacetonitrile,  421 
3-Cyclohexylpropyne,  150 
Cyclonite,  529 
Cyclononanone,  553 
Cyclooctane,  71 
Cyclooctanone,  553 
Cyclooctatetraene,  72,  542 
Cycloparaffins,  formation  of,  134 
Cyclopentadiene,  430,  489,  592 
determination  of,  440 
from  cyclopentene,  268 
reaction,  with  diphenylketene,  395 
with  maleic  anhydride,  62 
Cyclopentane,  268 
hydrogenolysis  of,  26 
1,2-Cyclopentanedione,  435 
Cyclopentanol,  523 
Cyclopentanone,  458,  461,  553 
from  adipic  acid,  214,  215 
a,c/-Cyclopentanonedicarboxylic  acid, 
461 

Cyclopentene,  268 
Cyclopentylbenzene,  43 
Cyclopentyl  methyl  ketone,  425 
Cyclopropane,  134,  316 
chlorination  of,  25 
isomerization  of,  24 

Cyclopropanecarboxylic  acid,  26,  204, 
422 

1, 1-Cyclopropanedicarboxylic  acid,  26, 
422 

Cyclopropane  ring,  cleavage  of,  23 
1, 2, 3-Cyclopropanetri carboxylic  acid, 

549 

Cyclopropanone,  554 
Cyclopropene,  541 
Cyclopropylamine,  523,  541 


Cyclopropyl  cyanide,  423 
Cyclopropyl  mesityl  ketone,  26 
Cyclotrimethylenetriamine,  529 
p-Cymene,  334 
from  camphor,  589 
nitration  of,  298 
Cysteine,  574 
Cystine,  574 

Dakin  reaction,  235 

Darzens  glycidic  ester  condensation,  443 
DDT,  116,  151,  321 
Deacylation,  338 
Debenzylation,  261 
Decahydronaphthalene,  252 
autoxidation  of,  221 
Decalin,  252 

autoxidation  of,  221 
Decamethylene  bromide,  99 
Decamethylenediamine,  255 
Decamethylene  glycol,  362 
Decarboxylation,  211 
3,5,7-Decatriene,  149 
ra-Deci  phenyl,  261 
1-Decyne,  150 
Dehalogenation,  140,  259 
Dehydration,  of  acids,  87 
of  alcohols,  87 
Dehydroacetic  acid,  427 
Dehydrogenation,  252,  264 
Dehydrohalogenation,  148 
Demethylation  of  paraffins,  21 
Demjanow  rearrangement,  523 
Desoxybenzoin,  490 
from  benzamide,  168 
Desulfurization,  262 
Deuterobenzene,  154 
Diacetone  alcohol,  439 
dehydration  of,  95,  439 
Diacetjdaniline,  196 
4,4'-Diacetylbiphenyl,  338 
3,6-Diacetylcarbazolc,  337 
Diacetylene,  145 
Diacetylethylene,  587 
Diacetylmesitylene,  338 
Diallylamine,  204 
Diallylcyanamide,  204,  519 
Diaminodurene,  532 
l,2-Diamino-4-nitrobenzenc,  508 
Di-p-aminophenyl  disullide,  574 
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2.4- Diaminotoluene,  507 

2.5- Dianilinoquinone,  497 
o-Dianisidine,  562 

tetrazotization  of,  521 
Diazoacetic  ester,  549 
formation  of,  524 
Diazoaminobenzene,  558 
Diazo  compounds,  548 

reaction,  with  carbonyl  compounds, 

552 

with  unsaturated  compounds,  549 
Diazomethane,  methylation  with,  81 
pyrolysis  of,  11 

reactions  of,  549,  552,  553,  554 
structure  of,  549 
synthesis  of,  512 
Diazonium  compounds,  555 
coupling,  556 
reduction  of,  555 
replacement  of,  559 
Diazotization,  520 
Dibenzalacetone,  442,  492 
Dibenzalcyclohexanone,  74 

1.2.5.6- Dibenzanthracene,  503,  504 
Dibenzocarbazole,  525 
Dibenzofuran,  591  < 

1.4- Dibenzoylbutane,  336,  454 
Dibenzoyldibromomethane,  36,  115 
Dibenzoyl  disulfide,  574 

1,2-Dibenzoylethylene,  336,  495,  587 
Dibenzoylformoin,  382 
N,N'-Dibenzoylhydrazine,  195,  207,  519 
Dibenzoylmethane,  428 

bromi  nation  of,  36 

2.6- Dibenzylphenol,  74 
Dibenzyl  sulfone,  576 
Dibenzyl  sulfoxide,  576 
Dibiphenyleneethylene,  225, 472,  490,  593 
<x,5-Dibromoadipic  acid,  38 

2.6- Dibromoaniline,  581 

9, 10-Dibromoanthracene,  287 
m-Dibromobenzene,  261,  288 
o-Dibromobenzene,  288 
p-Dibromobenzene,  260,  286,  288 
Grignard  reagents  from,  131 
2,2'-Dibromobiphenyl,  563 
3,3'-Dibromobiphenyl,  131 

1.4- Dibromobutane,  425 
Grignard  reagent  from,  131,  587 

a,/3-Dibromobutyri(  •  acid,  470 
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1.2- Dibromocyclohexane,  47 
«,/3-Dibromoethyl  acetate,  370 

2, 6-Dibromo-4-ni trophenol,  287 

1.5- Dibromopentane,  179,  533 

2.3- Dibromopropene,  157 
formation  of,  149 

3.5- Dibromopyridine,  595 
Dibromosuccinic  acids,  48 

2.4- Dibromo-m-xylene,  583 

4.6- Dibromo-ra-xylene,  583 
Di-n-butylamine,  536 
/3-Di-n-butylaminoethylamine,  119 
7-Di-w-butylaminopropylamine,  207 
p-Di-Ubutylbenzene,  315 
Di-rc-butylcarbinol,  164 
Di-Ubutylcarbinol,  175 
Di-n-butylchloroamine,  536 
Di-n-butyl  sulfide,  576 
Di-/3-carbethoxyethylmethylamine,  472 
Dichloroacetamide,  115 
Dichloroacetic  acid,  37,  115 
spm-Dichloroacetone,  242,  380 
4,4'-Dichloroacetylbiphenyl,  338 

2.6- Dicliloroaniline,  581 

2.6- Dichlorobenzaldehyde,  465 
o-Dichlorobenzene,  hydrolysis  of,  118 
4,4'-Dichlorobenzophenone,  361 

1.4- Dichlorobutane,  128,  384 
Dichlorodifluoromethane,  237 
Dichlorodioxane,  113,  242 
Dichloromaleic  anhydride,  66 

1.5- Dichloropentane,  128 
Di-(p-chlorophenyl)acetic  acid,  116 

4.7- Dichloroquinoline,  405 
Dicyandiamide,  612 
2,3-Dicyanohydroquinone,  498 
Dieckmann  ring  closure,  433 
Diels- Alder  reaction,  61 

mechanism  of,  68 
reversibility  of,  66 
Diene  reaction,  61 
mechanism  of,  68 
reversibility  of,  66 
Dienes,  63 

autoxidation  of,  224 
isomerization  of,  73 
Dienones,  73 
phenols  from,  73 
Dienophile,  61 
Diethanolamine,  182 
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а, 5-Diethyladipic  acid,  482 
Diethylami  noacetonitrile,  104 
0-Diethylaminoethyl  alcohol,  119,  182 
N,N-Diethylbromoacetamide,  167 
Diethylene  glycol,  182 

Diethyl  ketone,  236 

3. 3- Diet  hylpentane,  158 
Diethyl  sulfide,  578 
Diethylzinc,  132 
Difluorobiphenyl,  565 
Difluoromalonic  acid,  151 

3.4- Dihydro-6,7-dimethoxy-2-naphthoic 

acid,  407 

Dihydronaphthalenes,  73 

3.4- Dihydro-l,2-naphthalic  anhydride, 

407 

2.3- Dihydropyran,  257 
Dihydro-  1,4-pyrans,  426 
Dihydropyrogallol,  255,  416 
Dihydropyrroles,  545 
Dihydroresorcinol,  254 
Dihydroxyacetic  acid,  366 

2.5- Dihydroxyacetophenone,  345 

2. 5- Dihy  droxy-p-benzenediacetic  acid, 

498 

3.5- Dihydroxybenzoic  acid,  581 
Dihydroxymesitylene,  331 

б, 7-Dihydroxy-4-methylcoumarin,  41 1 

1.3- Dihydroxynaphthanene,  351 

1.3- Dihydroxy-2-naphthoic  acid,  351 
9,10-Dihydroxystearic  acid,  228,  230 
Dihydroxytartaric  acid,  366 

2.6- Diiodo-4-nitroaniline,  290,  564 
diazotization  of,  521 

Diisobutylenes,  69 
ozonization  of,  238 
p-Diisopropylbenzene,  298 
Diisopropylcarbinol,  101,  174 
Diisopropyl  ketone,  174,  176 
Diisopropylzinc,  132 
Diketene,  392 
a-Diketones,  352,  456 
cleavage  of,  236 
quinoxalines  from,  373 
reduction  of,  364 
test  for,  236 

/3-Di ketones,  347,  546,  559 
cleavage  of,  462,  466 
reaction  with  phenylhydrazine,  376 
7-Diketones,  544 


Diketopiperazine,  525 
Diketopiperazines,  525 
9,10-Diketostearic  acid,  360 
Diketosuccinic  acid,  366 
Dimesityl  ketone,  353 
Dimesitylvinyl  alcohol,  79 

2.6- Dimethoxybenzonitrile,  310 
3,3'-Dimethoxybiphenyl,  562 
5,5'-Dimethoxydiphenic  acid,  568 

2.6- Dimethoxy-4-methylbenzaldehyde, 

168 

3,5-Dimethoxyphenyl  propyl  ketone,  168 
Dimethylamine,  103,  283,  526 
p-Dimethylaminoazobenzene,  557 
Dimethylaniline,  557 
nitration  of,  295,  296 
oxidation  of,  515 

3,4-Dimethylaniline,  120 

2.3- Dimethylanthraquinone,  62 
2,2'-Dimethylbiphenyl,  271 

2. 3- Dimethyl- 1 ,3-butadiene,  63 
from  biacetyl,  394 

from  pinacol,  94 
from  pinacolone,  94 

3. 3- Dimethy  1-1 -butene,  89,  90 

1 . 2- Dimet hylcv cloheptene,  9 1 

1 .4- Dimethylcyclohexane,  220 
Dimethylcyclopentanes,  268 

2.2- Dimethylethylenimine,  534 
Dimethylfulvene,  440,  592 
(8,/3-Dimethylglutaric  acid,  237 
Dimethylglyoxime,  374,  417 

5. 5- Dime  thy  lhy  dan  toin,  105 
syw-Dimethylhydrazine,  207 

oxidation  of,  533 
unsy w-Dimet  hylhydrazine,  5 1 0 

2.5- Dimethylmandelic  acid,  321 

2.3- Dimethylpentane,  60 

3. 3- Dimethy  lpentane,  158 

2.4- Dimethyl-  1-pentanol,  185 

2.4- Dimethyl-3-pcntanol,  185 

1 .4- Dimethylphenanthrene,  570 

3.5- Dimethylphenol,  332 

3. 5- Dimethyl- 1-phenylpyrazole,  376 

3.6- Dimethylphthalic  anhydride,  64 

2. 2- Dimethyl- 1 ,3-propanediol,  45 1 

2.4- Dimethylpyrrole,  157,  545 

2. 5- Dime thylpyrrole,  544 

1.2- Dime  thy  lpyrrolidine,  541 

1.5- Dime  thy  1-2-pyrrolidone,  372 
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2,4-Dimethylquinoline,  409  ^ 

2. 3- Dime  thy  lquinoxaline,  373 
Di-l-naphthyl  ketone,  272 

1 . 1- Dineopentylethylene,  396 

2.4- Dinitroaniline,  508 
diazotization  of,  521 

from  2, 4-dinit rochlorobenzene,  119, 
295 

2, 6-Dinit  roaniline,  580 

2.4- Dinitroanisole,  180 

3.5- Dinitroanisole,  283 

2.4- Dinitrobenzaldehyde,  512 

2.6- Dinitrobenzaldehyde,  465 
m-Dinitrobenzene,  292,  295,  310 
o-Dinitrobenzene,  565 
p-Dinitrobenzene,  565 

2.4- Dinitrobenzenesulfenyl  chloride,  577 

2.5- Dinitrobenzoic  acid,  511 

3.5- Dinitrobenzoic  acid,  299 

2.6- Dinitrobenzonitrile,  310 

3,5-Dinitrobenzoyl  chloride,  178 
2,2'-Dinitrobiphenyl,  137,  568 
2,4'-Dinitrobiphenyl,  294 
4,4'-Dinitrobiphenyl,  294 
2,4'-Dinitrochlorobenzene,  117,  295 

ammonolysis  of,  119,  295 
hydrolysis  of,  297,  311 
Dinitrodurene,  292 

2.7- Dinitrofluorene,  292 

1.4- Dinitronaphthalene,  566 

1.5- Dinitronaphthalene,  294 

1.8- Dinitronaphthalene,  294 

2.4- Dinitro-l-naphthol,  580 

2.4- Dinitrophenol,  78,  117,  297 
from  2,4-dinit roanisole,  180 
reduction  of,  508 

Di-o-nitrophenyl  disulfide,  126,  577 
5ts-(2,4-Dinitrophenyl)  disulfide,  575 

2.4- Dinitrophenylhydrazine,  120,  376 

2.4- Dinitrophenylhydrazones,  376 

2.4- Dinitrophenyl  phenyl  ether,  181 
6fs-(2,4-Dinitrophenyl)  sulfide,  575,  577 

2.2- Dinitropropane,  43 

2.4- Dinitrotoluene,  512 
reduction  of,  507 

Dioxadiene,  142,  594 

1.3- Dioxane,  132 

1.4- Dioxane,  132 
formation  of,  125 
peroxide  of,  218 


Dioxene,  142 

1.3- Dioxolane,  177 
Dioxolanes,  368 
Dioxolones,  369 
Dipentaerythritol,  452 
Dipentaery thrity  1  ether,  452 
Diphenic  acid,  568 
Diphenylacetic  acid,  140 
a,a-Diphenylacetone,  318 
Diphenylacetonitrile,  318 
Diphenylacetylene,  151 
Diphenylamine,  527 

9.10- Diphenylanthracene,  224 
2,2'-Diphenylbiphenyl,  136,  138 

1 .4- Diphenylbutadiene,  450 
Diphenyldiazomethane,  375 
Diphenyl  disulfide,  573 
Diphenylene  oxide,  591 
1,1-Diphenylethylene,  88 

2.5- Diphenylfuran,  495 
Diphenylhexadecaoctaene,  449 

1.6- Diphenyl-l,3,5-hexatriene,  142,  588 

2.5- Diphenylhydroquinone,  497 

2.3- Diphenylindone,  455 
Diphenyline,  535 
Diphenylketene,  394,  395,  553 
Diphenylmercury,  133 
Diphenylme thane,  317,  320 

from  benzophenone,  263 
hydroperoxide  from,  220 

9. 10- Diphenylphenanthrene,  406 
Diphenylpht  halide,  335 
Diphenylpolyenes,  142,  588 

reaction  with  maleic  anhydride,  66 
reduction  of,  46 

/3,/3-Diphenylpropionic  acid,  469 
/3,/3-Diphenylpropiophcnone,  469 

1.5- Diphenylpyrazoline,  473 

2.4- Diphenyl-2-pyrroline,  545 

2.5- Diphenylquinone,  456 

2,3-Diphenylquinoxaline,  373 
Diphenyl  sulfide,  548 
Diphenyl  sulfone,  301,  586 
Diphenyl  tetraketone,  242,  352 
Diphenyl  triketone,  115 
Diphenylurea,  208 
Diphenylzinc,  160 

Dipole  moments,  184,  278 
Dipropionylmesitylene,  338 
w-Di-/i-propylbcnzene,  324,  326 
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p-Di-a-propylbenzene,  326 
4,5-Dipropylcatechol,  116 
Disproportionation,  3,  160,  267 
Disulfides,  567 
formation  of,  126,  573 
Dithiocarbamates,  530 
1, 1-Di-p-tolylethane,  317 
Divinylacetic  acid,  173 
Divinylacetylene,  71 
o-Divinylbenzene,  271 
1-Dodecanol,  259,  362 
m-Dodeciphenyl,  261 
n-Dodecyl  bromide,  99 
n-Dodecyl  mercaptan,  122,  614 
1-Dodecyl  p-toluenesulfonate,  585 
Doebner-von  Miller  synthesis,  409 
Dowtherm  A,  405,  411 
Duff  method,  348 
Durene,  314 
nitration  of,  292 
Durenesulfonic  acid,  582 
Duroquinone,  396,  532 
Duryl  phenyl  ketone,  311 
Dypnone,  440 

Elaidic  acid,  72 
Elbs  reaction,  503 
Electrolytic  reduction,  364,  482 
Electrophilic  reagent,  1 
Enediols,  255,  364,  495,  553 
Enol  acetates,  392 
Enol  esters,  347,  426 
Enol  ethers,  180,  426,  553 
Enolization,  415 
Enol  lactones,  426 
Enols,  79,  477,  559 
Entrainment  method,  131 
Epihalohydrins,  125 
Epoxidation,  230,  483 
of  quinones,  499 
3,4-Epoxy-l-butene,  164 
9,10-Epoxystearic  acid,  226 
Erdmann  ring  closure,  403 
Erlenmeyer  azlactone  synthesis,  450 
Erucic  acid,  198 
isomerization  of,  72 
Esterification,  82 

with  inorganic  acids,  85 
Ester  interchange,  201 


Esters,  198 
acidolysis  of,  201 
alcoholysis  of,  200 
ammonolysis  of,  201 
bromination  of,  39 
from  salts,  125 
hydrazi nolysis  of,  202 
hydrolysis  of,  82,  198 
in  ring  closures,  404 
pyrolysis  of,  89 
reduction  of,  362 
Etard  method,  245 
Ethane,  chlorination  of,  28,  29 
Ethanol,  185,  251 
as  reducing  agent,  560 
from  ethylene,  55 
Ethanolamine,  182 
Etherification,  80 
of  alcohols,  80 
of  naphthols,  602 
of  phenols,  81 
Ether  linkage,  177 
Ether  peroxides,  218 
Ethers,  cleavage  of,  178 
coordination  of,  177 
Ethoxyacetaldehyde,  104 
Ethoxyacetic  acid,  123 
/3-Ethoxyethyl  bromide,  100 
Ethoxymethyleneaniline,  169 
2-Ethoxy-  1-naphthaldehvde,  344 
/3-Ethoxypropionaldehyde  acetal,  470 
/3-Ethoxypropionitrile,  128 
Ethyl,  10 

Ethyl  acetamidomalonate,  490 
Ethyl  acetate,  83,  84,  242 
from  acetaldehyde,  359 
Ethyl  acetoacetate,  O-acylation  of,  426 
alkylation  of,  418,  419 
cleavage  of,  462 
cyanohydrin  of,  98,  379 
enol  form  of,  416,  559 
from  diketene,  392 
from  ethyl  acetate,  430 
methylation  of,  82 
oxime  from,  258,  417 
reaction,  with  acetaldehyde,  487 
with  methylmagnesium  iodide,  155 
with  phenylhydrazine,  376 
Ethyl  1  -ace  to- 1  -cyclopen  tanecar  boxy  1- 

ate,  425 
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Ethyl  n-butylacetoacetate,  418 
F.thvl  n-butvlcvanoacetate,  445 


Ethyl  a-acetoglutarate,  480 
Ethyl  ace tonedicarboxy late,  424,  456 
Ethyl  acetonylmalonate,  420 
w-Ethylacetophenone,  220 
p-Ethylacetophenone,  334 
Ethyl  acetopyruvate,  429 
Ethyl  acetosuccinate,  419,  492 
Ethyl  acetotricarballylate,  419 
Ethyl  ace tylenedicarboxy late,  485 
Ethyl  acrylate,  435,  472 
from  ethyl  lactate,  97 
in  oxo  reaction,  187 
Ethyl  adipate,  83,  434 
hydrogenation  of,  256 
Ethyl  alcohol,  185,  251 
from  ethylene,  55 
Ethyl  allylacetoacetate,  328 
Ethyl  p-aminobenzoate,  565 
diazotization  of,  521 
Ethyl  /3-aminocrotonate,  106,  546 
Ethyl  /3-anilinocrotonate,  106,  411 
Ethyl  aspartate,  472 
Ethyl  azodicarboxylate,  532,  550 
Ethyl  benzalmalonate,  476,  492 

reaction  with  Grignard  reagents,  479 
synthesis  of,  444 
Ethylbenzene,  316 
halogenation  of,  33 
hydroperoxide  from,  220 
styrene  from,  265 
Ethyl  benzoate,  417,  433 
Ethyl  benzoylacetate,  417 
preparation  of,  433,  436 
Ethyl  benzoylacetoacetate,  426 
hydrolysis  of,  436 

Ethyl  benzoyldimethylacetate,  428,  433 
Ethyl  bromide,  100 
Ethyl  bromoacetate,  84,  166 
Ethyl  a-bromoacetoacetate,  39 
Ethyl  a-bromoacrylate,  486 
Ethyl  a-bromoadipate,  38 
Ethyl  7-bromocaprate,  1 1 
Ethyl  a-bromocrotonate,  470 
Ethyl  a-bromoisobutyrate,  166 
Ethyl  bromomalonate,  420,  520 
from  ethyl  malonate,  39 
Ethyl  /3-bromopropionate,  486 
Ethyl  1 , 1 ,4,4-butanetetracarboxylate, 
422,  423,  424 
2-Ethyl- 1 -butanol,  438 


Ethyl  n-butylmalonate,  418 
a-Ethy  1  bu tyraldehy de,  438 
a-Ethylcaproaldehyde,  438 
a-Ethylcapronitrile,  209 
Ethyl  caprylate,  198 
Ethyl  carbamate,  196 
Ethyl  carbonate,  condensation,  with  es¬ 
ters,  429,  432 

with  Grignard  reagents,  165 
with  nitriles,  430 
Ethyl  chloride,  from  ethane,  29 
from  ethylene,  49 
Ethyl  chloroacetate,  443 
Ethyl  chloroformate,  196,  527,  530 
Ethyl  cinnamalmalonate,  490,  493 
Ethyl  cinnamate,  440,  479,  484 
hydrogenation  of,  256 
Ethyl  crotonate,  472,  485,  500 

reaction  with  hydrogen  cyanide,  475 
Ethyl  cyanoacetate,  460,  501 
reaction  with  benzoquinone,  498 
reductive  alkylation  of,  445 
Ethyl  /3-cyanobutyrate,  475 
Ethyl  tt-cyanocinnamate,  476,  492 
Ethyl  /3-cyanocrotonates,  98 
Ethyl  or-cyanostearate,  430 
Ethyl  l,4-cyclohexanedione-2,3,5,0-tetra- 
carboxylate,  424 
Ethylcyclopentane,  268 
Ethyl  1 ,2-cyclopropanedicarboxylate, 

549 

Ethyl  diacetylacetate,  427 
Ethyl  diazoacetate,  549 
formation  of,  524 

Ethyl  a,5-dibromoadipate,  149,  424 
Ethyl  a,i3-dibromopropionate,  486 
Ethyl  di-n-butylacetoacetate,  418 
Ethyl  a,/3-dicyano-/3-phenylpropionate, 
476 

Ethyl  dicyanovalerate,  461 
Ethyl  1 ,3-dihydroxy-2-naphthoate,  405 
Ethyl  diketosuccinate,  388 
Ethyl  3,5-dinitrobenzoate,  178 
Ethylene,  from  ethanol,  87 
from  ethylene  bromide,  141 
polymerization  of,  612 
Ethylene  bromide,  422,  520 
in  gasoline,  47 
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Ethylene  bromohydrin,  54,  182 
Ethylene  carbonate,  607 
Ethylene  chloride,  from  ethane,  29 
from  ethylene,  47 
Ethylene  chlorohydrin,  53 
hydrolysis  of,  112 
Ethylene  cyanohydrin,  128,  204 
Ethylenediamine,  104,  530 
Ethylene  glycol,  606 
dehydration  of,  92 
from  ethylene  chlorohydrin,  112 
from  ethylene  oxide,  181 
from  glycolic  acid,  189 
vinylation  of,  76 
Ethylene  iodide,  142 
Ethylene  oxalate,  607 
Ethylene  oxide,  320 
from  ethylene,  231 
hydrolysis  of,  181 

reaction  with  Grignard  reagents,  162 
Ethylenethiourea,  530 
Ethylenimine,  534 
Ethyl  ether,  formation  of,  55 
peroxide  of,  218 
Ethyl  ethoxalylacetate,  432 
Ethyl  ethoxalylpropionate,  388,  432 
Ethyl  /3-ethoxy propionate,  469 
Ethyl  ethylenetetracarboxylate,  420 
Ethyl  ethylidenemalonate,  440 
Ethyl  p-fiuorobenzoate,  565 
Ethyl  formate,  164,  433,  458 
Ethyl  formylacetate,  167,  433 
Ethyl  tt-formylglutaconate,  433 
Ethyl  fumarate,  484,  549 
Ethyl  glutaconate,  500 
methylation  of,  501 
Ethyl  glutarate,  435 
Ethylglyoxal,  249 

Ethyl  1 , 1 6-hexadecanedicarboxylate,  216 
2-Ethyl- 1-hexanol,  438 
Ethyl  hydrogen  sebacate,  84 
Ethyl  /3-hy  droxy-/3-pheny lpropionate, 

166 

Ethyl  7-iodocrotonate,  167 

Ethyl  isobutyl  ether,  123 

Ethyl  isobutyrate,  431 

Ethyl  isobutyrylisobutyrate,  431,  434 

Ethyl  isopropy lacetoacet ate,  419 

Ethyl  /3-ketoadipate,  437 

Ethyl  /3-ketovalerate,  156 


Ethyl  lactate,  97 
Ethyl  laurate,  198 
Ethyl  linoleate,  224 
Ethyl  maleate,  472,  549 
Ethyl  malonate,  484 
alkylation  of,  418,  422 
bromination  of,  39 
oxime  from,  416 

reaction,  with  benzaldehyde,  444 
with  formaldehyde,  486 
with  nitrosobenzene,  511 
Ethyl  mercaptan,  575 
Ethyl  mesoxalate,  321,  388 
from  ethyl  malonate,  248 
oxime  from,  416 
Ethyl  0-methoxycrotonate,  82 
Ethyl  methylacetoacetate,  559 
Ethyl  N-methylcarbamate,  196,  527 
Ethyl  methylmalonate,  388,  485 
Ethy  lmethylphenylcarbinol,  1 65 
Ethyl  methylphenylglycidate,  443 
5-Ethyl-2-methylpyridine,  546 
Ethyl  myristate,  198 
Ethyl  1-naphthoate,  172 
Ethyl  nicotinate,  83 
Ethyl  orthoformate,  124,  369 
Ethyl  orthophenyl  acetate,  180 
Ethyl  oxalate,  388,  435 
in  Claisen  acylation,  429,  430,  432,  500 
Ethyl  oximinoacetoacetate,  258 
Ethyl  a-oximino valerate,  417 
Ethyl  2,2,4,4,6-pentamethyl-3,5-diketo- 
heptanoate,  434 
Ethyl  phenethyl  ketone,  214 
o-Ethylphenol,  330 
Ethyl  phenylacetate,  204,  432 
Ethyl  a-phenylacetoacetate,  429 
Ethyl  phenylacetylmalonate,  428 
Ethyl  phenylcyanopyruvate,  429 
Ethyl  2-phenylcyclopropanecarboxylate, 

549 

Ethyl  phenylmalonate,  389,  432 
Ethyl  phenylpropiolate,  485 
Ethyl  phthalate,  434 
l-Ethyl-2-piperidone,  534 
l-Ethyl-4-piperidone,  435 
Ethyl  pivalate,  175,  259 

Ethyl  1 , 1 ,3,3-propanetetracarboxylate, 

199,  486 

Ethyl  propiolate,  485 
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Ethyl  propionate,  432 

Ethyl  propylidenemalonate,  482 

4- Ethylpyridine,  483 

Ethyl  pyruvate,  phenylhydrazone  of,  559 

Ethyl  radical,  10 

Ethyl  sebacate,  84,  216 

Ethyl  sorbate,  166,  500 

Ethyl  stearate,  258 

Ethyl  a-stearoylstearate,  392 

Ethyl  suberate,  216 

Ethyl  succinate,  432,  434 

Ethyl  succinylsuccinate,  434 

Ethyl  sulfate,  55 

as  ethylating  agent,  584 
Ethyl  tetrolate,  485 
Ethyl  thiolpropionate,  263 
p-Ethyltoluene,  173 
N-Ethyl-m-toluidine,  528 
Ethyl  tridecanoate,  84 
Ethyl  trimesate,  167,  433 
Ethyl  2,4,6-trimethylcinnamate,  479 
Ethyl  triphenylmethyl  ether,  179 
Ethyl  vinyl  ether,  144 
Ethyl  vinyl  ketone,  58 
Ethynylation,  384 
Eugenol,  232 
isomerization  of,  73,  232 
o-Eugenol,  327 
Exhaustive  methylation,  539 

Fats,  hydrogenation  of,  252 
Fehling  test,  226 

Fischer-Hepp  rearrangement,  300 
Fischer  indole  synthesis,  547 
Fischer-Tropsch  synthesis,  186,  253,  259 
Fittig  reaction,  136 
Fluid  catalysts,  16 
Fluorene,  292,  490,  491 

from  2-methylbiphenyl,  271 
Fluorenone,  225,  247 
nitration  of,  293 
Fluorination,  32 
Fluoroanthane,  271 
Fluorobenzene,  564 
Fluorocarbons,  32 

5- Fluoro-3-methylpvridine,  565 
Formaldehyde,  213,  562 

as  a  dienophile,  63 
from  methane,  246,  251 
from  methanol,  241 


Formaldehyde,  hydration  of,  366 
in  Cannizzaro  reaction,  357 
polymers  from,  605,  610 
Formhydrazide,  202 
Formic  acid,  117,  190,  390 
Formylation,  197,  340,  344,  347 
Formylmethylaniline,  344 
Fowler  method,  33 
Free  radicals,  2,  8 
Freons,  32,  111 

Friedel-Crafts  reaction,  312,  333 
catalysts  for,  312 
mechanism  of,  312 
reversibility  of,  316,  338 
solvents  for,  339 

with  aliphatic  compounds,  43,  56 
Friedlander  quinoline  synthesis,  543 
Fries  reaction,  344 
Fries  rule,  603 
Fuchsone,  394,  494 
synthesis  of,  495 
Fulvenes,  67,  440,  593 
Fumaric  acid,  549 
from  benzene,  233 
from  furfural,  235 
from  maleic  acid,  72 
oxidation  of,  228 
reaction  with  bromine,  48 
Fumaronitrile,  209 
Fumaryl  chloride,  336 
preparation  of,  102,  103 
Furan,  212,  591,  594,  598 
Furfural,  hydrogenation  of,  256 
in  Cannizzaro  reaction,  356,  358 
oxidation  of,  212,  235 
2-Furfuralacetone,  442 
Furfural  semicarbazone,  377 
2-Furfuryl  alcohol,  256,  356 
2-Furoic  acid,  212 
synthesis  of,  227,  356 
Furoin,  380 

Furylacrylic  acid,  445,  446 
/3-Fury lpropionic  acid,  482 

Gabriel  amine  synthesis,  207,  519 
Gammexane,  47 

Gattermann  aldehyde  synthesis,  341 
Gattermann-Koch  method,  340 
Gattermann  method,  568 
Girard’s  reagent  P,  377 
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Girard’s  reagent  T,  377 
Glucose  pentaacetate,  194 
Glutaconic  acid,  97,  422 
Glutaconic  anhydride,  501 
Glutaconic  esters,  500 
Glutaric  acid,  199 

from  cyclopentanone,  235 
from  glutaronitrile,  203 
Glutaric  anhydride,  86,  102 
Glutaronitrile,  128 
Glyceraldehyde,  228 
Glycerol,  608 

from  allyl  alcohol,  229 
from  allyl  chloride,  113 
hydrogenolysis  of,  262 
Glycerol  a,y-dibromohydrin,  100 
Glycerol  a,7-dichlorohydrin,  100,  113, 
242 

from  allyl  chloride,  53 
Glycerol  a-monochlorohydrin,  100,  123 
a-Glyceryl  phenyl  ether,  123 
Glyceryl  trinitrate,  85 
Glycidic  esters,  443 
Glycine,  118,  524,  526 
Glycolaldehyde,  367,  382 
Glycol  formation,  227 
Glycolic  acid,  189 
from  glyoxal,  359 
Glycolonitrile,  379 

1.2- Glycols,  cleavage  of,  12,  239 
dehydration  of,  92 
dioxolanes  from,  368 

1.3- Glycols,  259 
hydrogenolysis  of,  262 

Glyoxal,  352 

from  acetaldehyde,  249 
from  dichlorodioxane,  113 
from  ethylene  glycol,  242,  249 
from  paraldehyde,  242,  249 
reaction  with  alkali,  359 
Glyoxal  hydrate,  366 
Glyoxals,  rearrangement  of,  359 
Glyoxylic  acid,  115 
hydrate  of,  366 
Glyoxylic  anhydride,  248 
Grignard  machine,  155 
Grignard  reaction,  130 
inverse,  172 
Grignard  reagent,  130 

addition  to  conjugated  systems,  476 


Grignard  reagent,  coupling  by,  159 
preparation  of,  130 
reducing  action  of,  174 
solvents  for,  131 
GR-S  rubbers,  265,  614,  615 
Guaiacol,  178,  347 
bromination  of,  282 
Guanidine,  528 

a-Halo  ethers,  alkylation  of,  157 
hydrolysis  of,  113 
nitriles  from,  129 
/3-Halo  ethers,  131 

reaction  with  magnesium,  144 
Haloform  reaction,  117,  236,  464 
Halogenation,  mechanism  of,  28,  275 
of  active  methylene  compounds,  35 
of  aliphatic  acids,  37 
of  aromatic  compounds,  286 
of  side  chains,  33 
Halogen  interchange,  1 10 
Halogen-metal  interconversion,  133 
a-Halo  ketones,  318 
hydrolysis  of,  113 
Hammick-Illingworth  rule,  277 
Hantzsch  pyridine  synthesis,  546 
Hell-Volhard-Zelinsky  method,  38 
Ilemiacetals,  366 
cyclic,  367 
of  sugars,  367 
Hemimercaptals,  370 
Hemimercaptols,  370 
unsy w-Heptachloropropane,  57 
n-IIept aldehyde,  226 
from  ricinoleic  acid,  18 
reduction  of,  354 
n-Heptaldoxime,  374,  515 
n-Heptane,  270 
2,6-Heptanedione,  454 

1- Heptanol,  354 

2- Heptanol,  354 
n-Heptoic  acid,  226 
n-IIcptoic  anhydride,  197 
n-Hcptylamine,  515 
o-n-Heptylphenol,  361 
1-Hcptyne,  157 
Heteropolymer,  616 
Heteropolymerization,  6 1 6 
Hexa-p-bipheny  let  hane,  1 3 
Ilexabromobenzene,  288 
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Hexachlorocyclohexanes,  47 
n-IIexadecane,  140 
oxidation  of,  223 
1,2-Hexadecanediol,  229 
n-Hexadecyl  iodide,  100 

1.5- Hexadiene,  612 
Hexahydrobenzoic  acid,  189 
Hexahydroxybenzene,  190 
n-Hexaldehyde,  169,  438- 
Hexalin,  175,  252,  262 

dehydration  of,  87 
Hexamethylacetone,  175,  421 
Hexamethylbenzene,  314,  582 
Hexamethylenediamine,  529,  609 
from  adiponitrile,  255,  384 
Hexamethylene  diisocyanate,  529 
Hexamethylene  glycol,  256 
Hexamethylenetetramine,  120,  348 
formation  of,  371 
RDX  from,  529 
Hexamethylphloroglucinol,  434 
Hexamine,  120,  348 
formation  of,  371 
RDX  from,  529 

2.5- Hexanediol,  385 

1.6- Hexanedithiol,  612 
1-Hexanol,  162,  438 
Hexaphenylethane,  dissociation  of,  13 

formation  of,  134 
reaction  with  oxygen,  217 
1-IIexene,  223 

Hexestrol  dimethyl  ether,  159 
Hexestrol  monomethyl  ether,  258 
Hexogen,  529 
Hexylresorcinol,  361 
1-Hexyne,  158 
Hibbert  method,  95 
Ilinsberg  method,  585,  586 
Hippuric  acid,  195,  450 
Hoesch  synthesis,  342 
Hofmann  degradation,  309,  537 
Homophthalic  acid,  203,  233 
Hooker  oxidation,  459 
Houdry  process,  16 
Hydantoin,  526 
Hydantoins,  105,  525 
Hvdracrylic  acid,  204 
Hydration,  of  acetylene,  55 
of  aldehydes,  366 
of  carbonyl  compounds,  366 


Hydration,  of  olefins,  54 
Hydratropaldehyde,  443 
Ilydrazinolysis,  120 
Hydrazobenzene,  509 
rearrangement  of,  535 
Hydrazo  compounds,  509 
1  -Hy drazonaphthalene,  535 
Hyclrazones,  375,  473,  559 
Hydrindene,  602 
1-Hydrindone,  399 
Hydroaromatic  compounds,  265 
Hydrobenzamide,  371 
Hydrocinnamic  acid,  402,  482 
Hydrocinnamoin,  142 
Hydroforming,  268 
Hydroformylation,  187 
Hydrogenation,  252 
of  fats,  252 

Hydrogen  bonding,  79,  285,  606 
Hydrogen  fluoride,  58,  320 
Hydrogenolysis,  252,  259 
Hydrolysis,  111 
Ilydroquinone,  243,  614 
Hydroquinone  diacetate,  345 
Hydroquinones,  495 
Hydroxamic  acids,  507,  539 
Hydroxy  acids,  605 
a-Hydroxy  acids,  97,  391 
dioxolones  from,  369 
/3-Hydroxy  acids,  96,  608 
p-Hydroxyazobenzene,  556 
ra-Hydroxybenzaldehyde,  560 
Hydroxybenzaldehydes,  347 
p-Hydroxy  benzoic  acid,  117,  349 
10-Hydroxycapric  acid,  608 
Hydroxy  compounds,  77 
a-Hydroxy  compounds,  97 
/3-Hydroxy  compounds,  95 
1-Hydroxycyclopentanecarboxylic  acid, 
113,  360 

/3-Hydroxy  esters,  hydrogenation  of,  259 
a-Hydroxyisobutyraldehyde,  357 
a-Hydroxyisobutyric  acid,  204 
a-Hydroxyisobutyronitrile,  98,  204 
preparation  of,  379 
Ilydroxylamines,  516 
7-Hydroxy-4-methylcoumarin,  410 
Hydroxy  methylene  compounds,  433  458 
463 

alkylation  of,  426 
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4-Hydroxy-2-methylquinoline,  411 
1 4-Hydroxymyristic  acid,  (307 
2-Hydroxy-l-naphthaldehyde,  348 

2-  1  ly droxy- 1  -naphthoic  acid,  350 

3- Hydroxy-2-naphthoic  acid,  107,  350 

4- Hydroxy-2-naphthoic  acid,  400 
2-Hydroxy- 1,4-naphthoquinone,  460 
2-1  Iydroxy-5-nitro  benzyl  chloride,  323 
p-Hydroxyphenylarsonic  acid,  303 
/3-Hydroxypropionic  acid,  204 
8-Hydroxy  quinoline,  107 
Hyperconjugation,  19,  288 

Imidazole,  592 
Imide  chlorides,  342 
from  nitriles,  145 
Imides,  519 
hydrolysis  of,  207,  519 
I  mi  no  ethers,  205 
Indan,  220 

1,3-Indandione,  434,  448 
oxidation  of,  249 
1-Indanone,  402 
Indene,  223 
Indole,  456,  590 

from  o-nitrophenylacetonitrile,  146 
substitution  reactions  of,  599 
Inductive  effect,  3 
raeso-Inositol,  190 
Iodination,  289 
Iodine  chloride,  49,  290,  306 
Iodine  number  of  fats,  49 
Iodoacetic  acid,  110 
p-Iodoaniline,  290 

5- Iodoanthranilic  acid,  291,  561 
diazotization  of,  521 

Iodobenzene,  289 

from  bromobenzene,  161 
m-Iodobenzoic  acid,  561 
p-Iodobenzoic  acid,  306 
Iodoform,  464 
Iodomethylation,  323 
L-2-Iodo6ctane,  111 
o-Iodophenol,  306 
2-Iodothiophene,  290 
p-Iodotoluene,  161 
Isatin,  411,  544 
Isoamyl  alcohol,  112 
Isoamyl  ether,  80 
Isoamyl  iodide,  161 


Isobutane,  from  n-butane,  18 
from  n-heptane,  20 
nitration  of,  40 
oxidation  of,  221 
Isobutyl  alcohol,  185,  522 
Isobutylamine,  522 
Isobutyl  bromide,  100 
Isobutylene,  bromination  of,  31 
chlorination  of,  31 
dimerization  of,  69 
from  n-butane,  18 
from  <-butyl  alcohol,  87 
hydration  of,  55 
oxidation  of,  228 
polymerization  of,  612 
Isobutylene  glycol,  228 
Isobutyl  isobutyrate,  188 
Isobutyraldehyde,  188,  451 
from  isobutyl  alcohol,  241 
from  methallyl  alcohol,  93 
Isobutyramide,  195 
Isobutyroin,  365 
Isobutyronitrile,  209 
Isobutyryl  chloride,  102 
Isocyanates,  526,  529,  539 
Isocyanides,  530 
structure  of,  184 
Isodurene,  158,  314 
Isoeugenol,  232 
Isoleucine,  119 
Isonitriles,  530 
structure  of,  184 
Isooctane,  69,  253 
Isooctane  (technical),  253 
Isopentane,  265 
chlorination  of,  29 
nitration  of,  40 
Isophorone,  503 
Isophthalaldehyde,  247 
Isoprene,  from  isopentane,  265 
from  limonene,  15 
from  myrcene,  15 
reaction,  with  benzoquinone,  61 
with  hydrogen  halides,  50 
with  sulfur,  269 
with  sulfur  dioxide,  63 
Isopropenyl  acetate,  347 
Isopropyl  alcohol,  185,  241 
from  n-propylamine,  522 
from  propylene,  55 
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2-Isopropylaminoethanol,  373 
Isopropyl  bromide,  111 
Isopropyl  ether,  peroxide  formation  of, 
218 

Isopropylidene  glycerol,  368 
Isopropyl  iodide,  111 
Isoquinoline  syntheses,  405 
Isosafrole,  232 
Isosters,  184,  189,  391 
Isothiocyanates,  526,  530 
Isovaleraldehyde,  451 
Isovaleric  acid,  134 
Itaconic  acid,  96 
Itaconic  anhydride,  96 

Jacobsen  reaction,  582 
Japp-Klingemann  reaction,  559 
Jet  process,  29 
Julolidine,  318 

Ketals,  180,  369 
hydrolysis  of,  179 
Ketene,  553 

as  acvlating  agent,  336,  392 
from  acetic  acid,  87 
from  acetone,  17 
Ketene  acetals,  144,  152,  180 
Ketene  diethylacetal,  152 
Ketenes,  391 
j9-Keto  acids,  210,  437 
y-Keto  acids,  86 

/3-Keto  esters,  429,  430,  546,  559 
from  ketene  dimers,  392 
reaction  with  phenylhydrazine,  376 
a-Ketoglutaric  acid,  199,  432 
Keto  ketenes,  70,  395 
Ketones,  alkylation  of,  421 
cleavage  of,  463 
in  ring  closures,  406 
oxidation  of,  235 
preparation  of,  168,  241,  333 
a-Ketonit  riles,  129 
Ketopinic  acid,  360 
Ketoximes,  513 
Ketyl,  363,  366 
Kindler  method,  386 
Knoevenagel  method,  444 
Knorr  methods,  544 
Kolbe  electrolysis,  11,  216 
Kolbe  phenolic  acid  synthesis,  349 


Kolbe-Schmitt  reaction,  349 
Krassusky  rule,  164 
Kuhn-Roth  method,  233 

Lact amide,  201 
Lactams,  525,  554,  608 
Lactols,  86,  367 

Lactones,  86,  182,  393,  490,  605 
from  ketones,  236 
j8-Lact.ones,  393,  394 
y-Lactones,  86 
5-Lactones,  86,  394 
Lactonization,  86 
Lauraldehyde,  146 
Lauramide,  537 
Laurie  acid,  210 
Lauronitrile,  210 
Lauroyl  azide,  539 
Lauryl  alcohol,  259,  362 
Lead  tetraacetate  oxidation,  12,  239 
Lederer-Manasse  reaction,  330 
Lepidine,  597 
preparation  of,  260,  410 
Lespieau-Bourguel  method,  157 
Leucine,  118 
Leuckart  reaction,  372 
Leuconic  acid,  191 
Levulinic  acid,  367 
Levulinonitrile,  476 
Limonene,  pyrolysis  of,  15 
Linaloolene,  70 
Linoleic  acid,  198 
Linolenic  acid,  198 
Lithium  aluminum  hydride,  156,  362 
Lossen  rearrangement,  539 
Lucas  reagent,  15,  99 
Lucite,  613 
Lutidines,  172 
Lysine,  119,  207 

Maleic  acid,  549 
from  benzene,  223 
isomerization  of,  72 
oxidation  of,  228 
reaction  with  bromine,  48 
Maleic  anhydride,  336 
as  a  dienophile,  61 
from  benzene,  234 
from  maleic  acid,  86 
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Maleic  anhydride,  polymers  from,  GIG 
reaction  with  olefins,  G9 
Malonic  acid,  395 
decomposition  of,  210 
dehydration  of,  87 
formation  of,  204 
Malonic  ester,  see  Ethyl  malonate 
Malononitrile,  209 
Mandelamide,  202,  538 
Mandelic  acid,  319 
acetone  derivative  of,  202,  369 
from  benzaldehyde,  204 
from  dichloroacetophenone,  116 
from  phenylglyoxal,  359 
Mannich  reaction,  452,  455 
Markownikoff  rule,  45,  51 
Martius’  yellow,  580 
Meerwein-Ponndor f- V erley  reduction 
method,  244,  354 
Melamine,  612 
L-Menthoxyacetic  acid,  123 
Mercaptals,  263,  370 
Mercaptans,  370 

determination  of,  574 
formation  of,  122,  162 
vinylation  of,  75 
2-Mercaptoethanol,  471 
Mercaptols,  263,  370 
Mercuration,  305 
Mesaconic  acid,  97 
Mesitalacetomesitylene,  479 
Mesitalacetophenone,  479 
Mesitaldehyde,  263,  341 
Mesitil,  160 
Mesitoic  acid,  172,  396 
esters  of,  84 
Mesitol,  332 
Mesitonie  acid,  476 
Mesitonitrile,  343 
Mesitoyl  chloride,  102 
Mesitoylphenylacetylene,  479 
Mesitylacetic  acid,  203 
Mesitylacetonitrile,  127 
Mesitylene,  559 
from  acetone,  457 
from  benzene,  325 
oxidation  of,  245 
Mesitylenesulfonic  acid,  579,  583 
Mesityl  oxide,  472,  487 
epoxidation  of,  483 


Mesityl  oxide,  from  diacet.one  alcohol  95 
439 

in  haloform  reaction,  464 
Mesitylphenylacetic  acid,  319 
Mesityl  phenyl  diketone,  248 
Metalation,  304 
Methacrylonitrile,  210 
from  tt-hydroxyisobutyronitrile,  98 
Methallyl  alcohol,  112 
Methallyl  bromide,  31 
Methallyl  chloride,  31 
Methane,  212,  259 
chlorination  of,  29 
fluori nation  of,  32 
nitration  of,  40 
oxidation  of,  250 
Methanol,  185,  251 
Methanol  process,  184 
Methone,  487 
oxidation  of,  237 
Methoxyacetonitrile,  379 
p-Methoxyacetophenone,  337 
co-Methoxyacetophenone,  1 69 
4-Methoxybenzoin,  381 
a-Methoxycrotonic  acid,  470 
/3-Methoxycrotonic  acid,  470 
Methoxylamine,  473 
4-Methoxy-2-nitroacetanilide,  296 
6-Methoxy-8-nitroquinoline,  409 
a-Methoxyphenazine,  373 
2-Methoxyphenyl  phenyl  ether,  124 
Methyl,  9 

Methyl  acetoacetate,  392 
Methyl  acrylate,  468,  471,  485 
from  methyl  lactate,  97 
Methyl  alcohol,  185,  251 
Methylamine,  103 

from  formaldehyde,  358 
y-Methylamino valeric  acid,  372 
Methyl  n-amyl  ketone,  199 
reduction  of,  354 
Met hylani line,  300,  534 
2-Methylanthraquinone,  401 
Methyl  azodicarboxylate,  551 
Methyl  benzoate,  299 
o-Methylbenzophenone,  502,  503 
2- Met  hylbi  phenyl,  271 
Methyl  w-bromolaurate,  216 
Methyl  /3-bromopropionate,  468 
Methyl  5-bromovalerate,  216 
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2- Methyl- 1 -butanol,  112,  185 

3- Methy  1-2-butanol,  1 85 
O-Methy lcaprolact im,  519 
Methylcarbitol,  181 

4- Methylcarbostyril,  101,  410 
Methylcellosolve,  181 
Methyl  chloride,  29 

structure  of,  3 

Methylcholanthrene,  503,  504 

2-Methylchrysene,  399 
4-Methylehrysene,  402 
2-Methylcinchoninic  acid,  544 
Methyl  cinnamate,  479,  482 
a-Methylcinnamic  acid,  447 
4-Methylcoumarin,  410 
Methyl  crotonate,  31 
/3-Met'hylcro tonic  acid,  464 
Methyl  w-cyanopelargonate,  209 
Methylcyclohexane,  268 

2- Methylcyclohexanone,  455,  463 

3- Methylcyclohexanone,  465 
Methylcyclopentadiene,  440 
Methylcyclopropane,  135 
Methyl  cyclopropyl  ketone,  379 
Methyl  /3,y-diphenyladipate,  482 
Methyldiphenylcarbinol,  165 
Methylene,  11 

Methyleneaminoacetonitrile,  105 
Methyleneanthrone,  494 
Methylene  bromide,  140 
Methylene  chloride,  29 
Met  hy lenecy clohexane,  383 
Methylenedisalicylic  acid,  331 
Methylene  iodide,  140 
Methylenemalonic  ester,  70 
Methylene  radical,  1 1 
2-Methylene-l-tetralone,  74 
Methyl  ester  column,  83 
Methyl  ether,  584 
Methylethylacetic  acid,  172 
Methyl  ethyl  ketone,  417 
condensation  with  benzaldehyde,  441 
from  acetone,  421 
from  2,3-butanediol,  92 
from  2-butanol,  241 
Methyl  formal,  617 
N-Methylformanilide,  168 
preparation  of,  105 
Methyl  formate,  189 
Methyl  fumarate,  64 


Methyl  2-furoatc,  315 
/8-Methylglycerol,  113 
Methyl  glycolate,  189 

5-Methylhexanal,  238 

3- Methyl-2-hexanone,  43 
Methyl  hydrocinnamate,  114 
Methyl  hydrogen  succinate,  102,  194 
Methyliminodiacetic  acid,  119 
2-Methylindole,  456,  547 

Methyl  iodide,  100,  584 
Methylisopropylcarbinol,  100,  163 
Methyl  isopropyl  ketone,  92 
Methyl  isothiocyanate,  526,  530 
Methyl  y-keto-f-methylcaprylate,  171 
Methyl  laurate,  259 
Methyl  maleate,  571 
as  a  dienophile,  64 
Methyl  mesitoate,  125 
Methyl  methacrylate,  97,  613 
Methyl  /3-methylcrotonate,  31 
2-Methylnaphthalene,  504 
oxidation  of,  243 

1- Methyl-2-naphthol,  331,  600 

2- Methyl-  1-naphthol,  74 

4- Methyl- 1-naphthol,  600 

2- Methyl- 1,4-naphthoquinone,  243 
epoxidation  of,  499 

Methyl-  1-naphthylcyanamide,  533 
Methyl  nitrate,  85 
Methyl  m-nitrobenzoate,  200,  299 
Methyl  m-nitrocinnamate,  444 
1  -Methyl-3-nitroguanidine,  208 
Methyl  N-nitroso-/3-methylaminoiso- 
butyl  ketone,  513,  527 
Methyl  oleate,  223,  230 
ozonization  of,  239 
peroxidation  of,  223 
Methyl  oxalate,  84 

3- Methylpentanoic  acid,  211 

2- Methyl-  1-pentanol,  185 

Methyl  phenyl  diketone,  2,5-diphenyl- 
quinone  from,  456 
from  propiophenone,  248,  416 
a-Methyl-a-phenylhydrazine,  511 
Methyl  phenylmercaptopropionate,  471 
«-Methyl-/3-phenylpropionamide,  386 

3- Methyl- 1-pheny  1-5-pyrazolone,  376 
Methyl  phthalaldchydate,  263 
Methy lpy ranthrone,  272 

1-Methy  1-2-pyridone,  308 
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Methyl  pyruvate,  83 
Methyl  radical,  9 
Methyl  red,  557 
Methyl  /3-resorcylate,  341 
Methyl  sebacamate,  197,  209 
Methyl  sorbate,  493 
bromination  of,  31 
a-Methylstyrene,  551 
Methyl  styrylcarbamate,  538 
Methylsuccinic  acid,  204 
Methyl  sulfate,  85,  584 

2- Methylthiazole,  172 

3- Methylthiophene,  269 
Methylthiourea,  526 

Methyl  2,4,6-trihydroxybenzoate,  125 
1-Methyltriphenylene,  403 
6-Methyluracil,  106 
Methylurea,  512,  527 
Methyl  vinyl  ketone,  410,  476 
from  acetone,  439 
from  vinylacetylene,  75 
Meyer-Schuster  rearrangement,  91 
Michael  condensation,  484,  492,  503 
reversibility  of,  484 
Michler’s  ketone,  335 
Mills-Nixon  effect,  603 
Modifiers,  614 
Mordants,  286 
Muconic  acid,  149 
Mustard  gas,  56,  577 
Myrcene,  pyrolysis  of,  15 
Myristic  acid,  198 
Myristin,  198 

Naphthacenequinone,  499 

1- Naphthaldehyde,  121,  342 

2- Naphthaldehyde,  263 
from  2-naphthonitrile,  146 

Naphthalene,  600 

acylation  of,  334,  338,  339 
bromination  of,  287 
chlorination  of,  289 
from  o-divinylbenzene,  271 
from  tetralin,  265 
hydrogenation  of,  252 
in  Diels-Alder  reaction,  65 
nitration  of,  294 
oxidation  of,  233,  234,  243 
reaction  with  diazoace  tic  ester,  550 
sodium  derivative  of,  46 


Naphthalene,  structure  of,  279,  599,  600 
sulfonation  of,  302 
1 ,8-Naphthalenedisulfonic  anhydride, 
582 

1- Naphthalenesulfonic  acid,  302,  579 

2- Naphthalenesulfonic  acid,  302,  579,  582 
Naphthofuchsone,  494 

1 - Naphthoic  acid,  172 

2- Naphthoic  acid,  464,  488 

1- Naphthol,  557 

from  1-naphthylmagnesium  bromide, 
162 

from  phenylcrotonic  acid,  403 
from  phenylparaconic  acid,  449 
in  Bucherer  reaction,  106 
sulfonation  of,  580 

2- Naphthol,  557 
bromination  of,  288 
carbonation  of,  350 
etherification  of,  81,  602 
formation  of,  582 
formylation  of,  348 
hydrogenation  of,  254 

in  Bucherer  reaction,  107 

nitrosation  of,  300 

reaction  with  formaldehyde,  331 

1- Naphthonitrile,  129 
1,2-Naphthoquinone,  244,  496 
1,4-Naphthoquinone,  496,  552 

condensation  with  dienes,  62,  499 
formation  of,  243,  244 
Naphthoresorcinol,  351 

2- Naphthylacetamide,  385 
1-Naphthylacetic  acid,  11 

1- Naphthylamine,  106 

2- Naphthylamine,  566,  601 
diazotization  of,  520 
from  2-naphthol,  107 

2-Naphthylglyoxal,  248 
1 -Naphthyl  isothiocyanate,  526 
7-(2-Naphthyl)valeric  acid,  446 
Neohexane,  60 
nitration  of,  41 
Neopentyl  alcohol,  259 
Nicotinamide,  537 
Nicotinic  acid,  246 
Nicotinonitrile,  130 
Ninhydrin,  249 
Nitration,  anomalous,  297 

of  active  methylene  compounds,  42 
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Nitration,  of  amides,  528 
of  aromatic  compounds,  292 
of  carbonyl  compounds,  299 
of  paraffins,  40 
Nitrile  oxides,  516 
Nitriles,  alkylation  of,  421 
esters  from,  204 
from  amines,  538 
from  halides,  127 
from  oximes,  513 
from  sulfonic  acids,  582 
hydrolysis  of,  203 
reduction  of,  206,  255 
o-Nitroacetanilide,  295 
p-Nitroacetanilide,  295 
Nitroacetic  acid,  211 
m-Nitroacetophenone,  300 

from  ra-nitrobenzaldehyde,  552 
Nitroamides,  510 
m-Nitroaniline,  295,  296,  560 
diazotization  of,  521 
o-Nitroaniline,  295,  565,  581 
from  o-chloronitrobenzene,  295 
reduction  of,  508 
p-Nitroaniline,  295,  565 
diazotization  of,  521 
from  p-chloronitrobenzene,  295 
iodination  of,  290 
o-Nitroanisole,  124,  313,  338 
Nitroanthrone,  42 
Nitrobarbituric  acid,  42 
m-Nitrobenzaldehyde,  300,  446 
reduction  of,  507 
o-Nitrobenzaldehyde,  199,  552 
from  o-nitrotoluene,  247 
reduction  of,  355,  508 
p-Nitrobenzaldehyde,  from  p-nitroben- 
zoyl  chloride,  148,  264 
from  p-nitrotoluene,  247 
in  Knoevenagel  condensations,  445 
Nitrobenzene,  308,  516 
as  solvent,  65 
bromi  nation  of,  281 
from  benzene,  292 
from  toluene,  41 
mercuration  of,  306 
reduction  of,  508 
structure  of,  273 

o-Nitrobenzenesulfenyl  chloride,  577 
o-N it robenzenesulfony  1  chloride,  577 


m-Nitrobenzoic  acid,  299 
o-Nitrobenzoic  acid,  555 
p-Nitrobenzoic  acid,  101 
preparation  of,  245 
p-Nitrobenzoyl  chloride,  101 
p-Nitrobenzoyl  peroxide,  127 
p-Nitrobenzyl  acetate,  200 
o-Nitrobenzyl  alcohol,  355 
p-Nitrobenzyl  bromide,  33 

4- Nitrobiphenyl,  294 

1- Nitrobutarie,  40 

2- Nitrobutane,  40 
ra-Nitrocinnamic  acid,  446 
ra-Nitrocinnamyl  alcohol,  355 
Nitro  compounds,  506 

aci  forms  of,  506 
hydrolysis  of,  507 
reaction  with  nitrous  acid,  417 
reduction  of,  507 
2-Nitro-p-cymene,  298,  508 
ra-Nitrodimethylaniline,  295 
Nitroethane,  485,  506 
from  propane,  40 
reaction  with  formaldehyde,  441 
/3-Nitroethanol,  442 
2-Nitrofluorene,  292 
Nitroglycerine,  85 
Nitrogroup,  structure  of,  506 
Nitroguanidine,  208,  510 
preparation  of,  528 

5- Nitroindazole,  572 
Nitrolic  acids,  417 
Nitromalonaldehyde,  459 
Nitromesitylene,  292 
Nitromethane,  211,  485 

cyanoethylation  of,  491 
from  propane,  40 
reaction,  with  acetylene,  76 
with  formaldehyde,  441 

1- Nitronaphthalene,  294,  308 

2- Nitronaphthalene,  566 

4- N itro- 1  -naphthy land ne,  308,  566 
Nitrones,  515 

5- N itro-2-nitroso toluene,  511,  531 
Nitroparaffins,  40,  441,  507 
ra-Nitrophenol,  78,  560 
o-Nitrophenol,  78,  283,  297 

chelation  of,  286 
p-Nitrophenol,  78,  283,  297,  459 
bromination  of,  287 
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o-Nitrophenylacetic  acid,  555 
p-N  i  tropheny  lace  tic  acid,  203,  200,  507 
p-Nitrophenylacetonitrile,  200 
p-N itropheny larsonic  acid,  566 
1-p-Nitrophenyl-l, 3-butadiene,  571 
p-Nitrophenyl  isocyanate,  520 
p-Ni  tropheny  1  phenyl  ether,  124 
p-Nitrophenyl  propyl  ether,  123 
p-Nitrophenyl  sulfide,  126 

3- Nitrophthalic  anhydride,  200 

4- Nitrophthalic  anhydride,  200 
4-Nitrophthalimide,  208,  200 

1- Nitropropane,  507 
from  propane,  40 

2- Nitropropane,  404,  506 
from  propane,  40 
nitration  of,  43 

reaction  with  formaldehyde,  441 
1-Nitropropene,  76 
Nitrosamides,  527 
Nitrosamines,  300,  528 
Nitrosation,  300,  417,  520,  526 
N-Nitrosoacetanilide,  560 
Nitrosobenzene,  bromination  of,  277 
formation  of,  500,  516,  531 
Nitrosochlorides,  54,  230 
Nitroso  compounds,  500,  510,  526 
oximes  from,  511 
Nitrosodimethylamine,  510,  526 
p-Nitrosodimethylaniline,  300,  511 
hydrolysis  of,  283 
N-Nitrosomethylaniline,  511,  527 
p-Nitrosomethylaniline,  300 
Nitrosomethylurea,  512,  527 
Nitrosomethylurethan,  512,  527,  553 

1- Nitroso-2-naphthol,  300,  310 
Nitroso-w-nitroacetanilide,  560 

N itrosopheny lhydroxylami  ne,  516 
Nitrostilbene,  470 
/3-Nitrostyrene,  442 
Nitrosyl  chloride,  54 

2- Nitrothiophene,  202 
m-Nitrotoluene,  278,  203,  560 
o-Nitro toluene,  278,  203 
p-Nitrotoluene,  278,  203,  200 

bromination  of,  33 
oxidation  of,  245 
Nitrourea,  510,  528 
Nitro-p-xylene,  430 
2-Nitro-3,4-xylenol,  581 


m-Noniphenyl,  261 
Norleucine,  118 
Nucleophilic  reagents,  1,  307 
Nucleophilic  substitution,  108 
Nylon,  600 

Octadecanal,  258 
1-Octadecanol,  257,  258 
Octadecyl  stearate,  258 
Octahydroanthracene,  326 
hydroperoxide  from,  220 
O-Octahydroanthracenesulfonic  acid,  583 
Octahydrophenanthrene,  326 
O-Octahydrophenanthrenesulfonic  acid, 
583 

n-Octane,  159 

from  n-butyl  bromide,  133 

1- Octanol,  162 

2- Octanol,  18 
w-Octyl  alcohol,  162 
Olefins,  autoxidation  of,  223 

condensation  of,  69 
from  a:,j3-dibronio  ethers,  144,  157 
halogenation  of,  30 
hydration  of,  54 
isomerization  of,  20,  72 
reaction,  with  bromine,  48,  275 
with  sulfur  compounds,  55 
reduction  of,  46 
Oleic  acid,  198 

isomerization  of,  72 
Oleyl  alcohol,  46,  257,  362 
Opianic  acid,  358 
Oppenauer  oxidation,  244,  355 
Orange  I,  556 
Orange  II,  556 

Organocadmium  compounds,  171 
Organolithium  compounds,  132,  165,  168, 
172,  304,  480 

Organomercury  compounds,  133 
Organometallic  compounds,  154 
Organosodium  compounds,  133,  158,  172, 
304 

Organozinc  compounds,  132,  158,  166, 
170 

Orientation  of  substitutents,  276 
Ortho  esters,  124,  180 

in  acetal  formation,  169,  369 
Orthoformic  ester,  124,  360 
Osazones,  376 
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Oxalic  acid,  607 
Oxalyl  chloride,  103,  335 
Oxidation,  217 
Oxidative  cleavage,  231 
Oximes,  dehydration  of,  513 
ethers  of,  515 

formation  of,  374,  416,  511 
methylation  of,  82 
reduction  of,  514 
syn  and  anti  forms  of,  513 
Oxirane  compounds,  230 
Oxo  reaction,  186 
Oxynitration,  307 
Ozonization,  237 

Palladium  catalyst,  254,  263 
Palmitic  acid,  198 
Palmitin,  198 
Paraffins,  alkylation  of,  58 
aromatization  of,  269 
chlorination  of,  28 
cracking  of,  14 
dehydrogenation  of,  264 
isomerization  of,  18 
nitration  of,  40 
oxidation  of,  220 
reaction  with  sulfur,  269 
Paraformaldehyde,  179 
Paraformaldehydes,  610 
Paraldehyde,  249,  610 
von  Pechmann  method,  410 
Pelargonic  acid,  211 
Pentacetate,  112 
Pent  achloroe  thane,  149 

1.4- Pentadiene,  173,  415 

from  1,5-pentanediol  diacetate,  89 
rearrangement  of,  73,  541 
Pentaerythritol,  452 
Pcntaerythrityl  bromide,  110,  135,  423 
Pentaerythrityl  iodide,  110 
P entaerythrityl  tetranitrate,  452 
Pentainethylbenzene,  314 
Pentamethylene  bromide,  179,  533 
Pentamethylene  chloride,  128 
Pentamethylene  glycol,  128,  257 
n-Pentane,  chlorination  of,  29 
from  2-bromopcntane,  155 

1.5- Pcntancdiol,  128,  257 
Pentanes,  chlorination  of,  29 
2,3,4-Pentanetrione,  512 


1- Pentanol,  112 

2- Pentanol,  112 
dehydration  of,  90 

3- Pentanol,  112 
Pentaphenylethane,  134 
Pentasol,  112 
Pentasulfides,  575 

2- Pentene,  90 

addition  of  hydrogen  chloride,  49 
aldehydes  from,  187 

3- Penten-2-ol,  163 

4- Penten-l-ol,  144 
acetate  of,  89 

3-Pcntenonitrile,  129 
Perbenzoic  acid,  226,  230,  531 
Perfluoroalkanes,  32 
Periodic  acid  oxidation,  12,  239 
Perkin  cinnamic  acid  synthesis,  446 
Perkin  ring  closure,  422 
Peroxidation,  219 
Peroxide  effect,  51 
Per6xides,  decomposition  of.  220 
formation  of,  127 
of  ethers,  218 
transannular,  224 
Perrier  method,  334 
Perylene,  140 
PETN,  452 

Pfitzinger  modification,  544 
Phenacyl  bromide,  36 
Phenacyl  chloride,  333 
Phenanthrene,  550 
bromination  of,  287 
from  2,2'-dimethylbiphenyl,  271 
structure  of,  599,  603 
9-Phenanthrenecarboxaldehyde,  169 
Phenanthrenecarboxaldehydes,  264 
9,10-Phenanthrene  dibromide,  287 
Phenanthrenequinone,  374,  496 
from  benzil,  272 
rearrangement  of,  360 
2-Phenanthrylacetamide,  385 
Phenazines,  373 

Phenethyl  alcohol,  162,  173,  320 
Phenethylamine,  255 
Phenethyldimethylamine,  372 
p-Phenetidine,  556 
Phenol,  556 

C-alkylation  of,  318,  331 
bromination  of,  281,  287 


662 


SUBJECT  INDEX 


Phenol,  from  benzene,  233 
from  benzenesulfonic  acid,  301,  581 
from  chlorobenzene,  117 
hydrogenation  of,  254 
mercuration  of,  305 
nitration  of,  297 
structure  of,  274 

Phenol-formaldehyde  polymers,  611 
Phenols,  101 

alkylation  of,  316,  331,  348 
chlorination  of,  289 
from  Grignard  reagents,  161 
from  sulfonic  acids,  581 
hydrogenation  of,  254 
in  coupling  reactions,  556 
mercuration  of,  305 
nitrosation  of,  300 
polymers  from,  611 
preparation  of,  117,  559,  581 
reaction  with  formaldehyde,  330 
vinylation  of,  76 
Phenylacetaldehyde,  538 
Phenyl  acetate,  236 
Phenylacetic  acid,  445,  450 
nitration  of,  299 
preparation  of,  173,  203 
Phenylacetonitrile,  343,  420,  493 
acylation  of,  429 
alkylation  of,  421 
bromination  of,  37 
formation  of,  127 
hydrogenation  of,  255 
nitration  of,  299 
Phenylacetyl  chloride,  554 
Phenylacetylene,  386,  390 
preparation  of,  149,  150 
4-Phenylacetylquinoline,  461 
Phenylalanine,  119,  207 
N-Phenylanthranilic  acid,  401 
preparation  of,  120 
Phenyl  azide,  524,  552 
p-Phenylazobenzoic  acid,  102,  511 
/3-Phenylbenzalacetophenone,  92 

1 - Phenyl-1, 3-butadiene,  89 

2- Phenyl-2-butene,  269 
2-Phenyl-3-butenoic  acid,  173 
7-Phenylbutyric  acid,  361 

1-tetralone  from,  398,  403 

7-Pheny lbut.yromesity lene,  26 
7-Phenylbutyryl  chloride,  398,  605 


Phenyl  carbonate,  194 
Phenyl  cinnamate,  194 
a-P heny lcinnami c  acid,  450 
a-Phenylcinnamonitrile,  440 
4-Phenylcinnoline,  572 
7-Phenylcrotonic  acid,  403 
Phenylcyclopropane,  474 
m-Phenylenediamine,  107 
o-Phenylenediamine,  210,  373 
diaz'otization  of,  558 
formation  of,  508 
p-Phenylenediamine,  535 
Phenyl  ether,  118,  405 
a-Phenylethylamine,  121,  372 
Phenylfulvene,  440 
Phenylglyceric  acid,  228,  229 
Phenylglycine,  203 
Phenylglyoxal,  116,  242,  382 
from  acetophenone,  248 
reaction  with  alkali,  116,  359 
reduction  of,  355 
Phenylhydrazine,  524 
oxidation  of,  532 
phenylhydrazones  from,  375 
rearrangement  of,  535 
synthesis  of,  555 
Phenylhydrazones,  375,  547 
/3-Phenylhydroxylamine,  516,  531 
preparation  of,  508 
2-Phenyl-l,3-indancdione,  448 
2-Phenvlindole,  547 
Phenyl  isocyanate,  529,  554 
Phenyl  isothiocyanate,  530 
Phenyl  ketene,  diethyl  acetal  of,  180 
Phenyllithium,  132,  304,  311 

1- Phenylnaphthalene,  165,  271 

2- Phenylnaphthalene,  408 
cyclodehydrogenation  of,  271 

a-Phenyl-p-nitrocinnamic  acid,  445 
Phenylosazones,  376 
Phenylparaconic  acid,  449 
o-Phenylphenol,  118 
p-Phenylphenol,  118,  234 

3- Phenyl- 1-propanol,  256 
Phenylpropargyl  aldehyde,  369,  390 
Phenylpropiolaldehyde,  369,  390 
Phenylpropiolic  acid,  150 
a-Phenylpropionaldehyde,  443 
/3-Phenylpropionic  acid,  402,  482 

2-Phenyl-3-propoxycinchoninic  acid,  544 
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Phenyl  n-propoxymethyl  ketone,  544 
5-Phenylpyrazoline,  473 

2-Phenylpyridine,  3 1 1 
Phony lquinonediimine,  531 

2- Phenylquinoline,  597 
Phenvlquinone,  572 
Phenyl  radical,  12,  548,  569 
Phenylscmicarbazide,  208 
Phenylsuccinic  acid,  203 
N-Phenylsuccinimide,  310 
Phenyl  thienyl  ketone,  339 

3- Phenylthiophene,  269 
Phenylurea,  208 
Phloroacetophenone,  342 
Phloroglucinol,  342 

from  resorcinol,  310 
from  triaminobenzene,  415 
Phorone,  473,  503 
from  acetone,  439 
Phosgene,  335,  529 
Photo-oxides,  224 
Phthalaldehyde,  115 
Phthalaldehydic  acid,  113,  234 
reduction  of,  358 
Phthalic  acid,  233 
mercuration  of,  306 
Phthalic  anhydride,  336,  608 
from  naphthalene,  234 
from  phthalic  acid,  86,  102 
from  o-xylene,  246 
in  Perkin  condensations,  448 
iodination  of,  291 
nitration  of,  299 
Pht  halide,  113,  183 
Phthalimide,  519,  538 
from  phthalic  anhydride,  196 
hydrolysis  of,  207 
nitration  of,  299 
Phthalonic  acid,  234 
Phthalylacetic  acid,  448 
Phthalyl  chloride,  335 
formation  of,  102 
2-Picoline,  164,  172,  596 
oxidation  of,  245 

4- Picoline,  164,  172,  596 
Picolinic  acid,  245 
Picramide,  295,  308,  518,  559 
Picric  acid,  283 

as  explosive,  510 
from  benzene,  307 


Picric  acid,  from  phenol,  580 
from  picryl  chloride,  117 
from  1,3,5-trinitrobenzene,  307 
Picryl  chloride,  295 
from  picric  acid,  101 
Pimelic  acid,  462 
Pimelonitrile,  128 
Pinacol,  94,  363 
Pinacolone,  94 
dehydration  of,  94 
Pinacolones,  94 

Pinacol-pinacolone  rearrangement,  94 
Pinacols,  94,  363 
Pinacolyl  acetate,  89 
Pinacolyl  alcohol,  dehydration  of,  90 
Piperazine,  284 
Piperidine,  73,  444,  540,  541 
4-Piperidone,  461 
Piperonal,  227,  232 
reduction  of,  358 
Piperonylic  acid,  227 
Piperylene,  from  piperidine,  73,  540 
reaction  with  maleic  anhydride,  64 
Pivalaldehyde,  93,  175,  188,  238 
in  Cannizzaro  reaction,  357 
Pivalic  acid,  172,  213,  464 
Pivaloin,  365 
Plasticizers,  617 
Plexiglas,  613 

Polyamides,  formation  of,  608 
Polyenes,  142,  449 
Polyesterification,  606 
Polyesters,  606 
Polyethylene  glycol,  182 
Polyketones,  388 
cyclic,  190 
Polylysine,  609 
Polymer,  605 
Polymerization,  605 
addition,  606,  612 
condensation,  606 
types  of,  606 
vinyl,  612 

Polymers,  association,  606 
cross-linked,  608 
from  formaldehyde,  610 
phenol-formaldehyde,  611 
thermoplastic,  608 
thermosetting,  611 
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Polymers,  three-dimensional,  60S 
urea-formaldehyde,  611 
Poly  methyl  methacrylate,  613 
Poly oxy methylene,  2 
Poly oxy methylenes,  605,  610 
Poly  phenyls,  139,  260,  261 
Polysulfides,  612 
Polysulfones,  616 
Polyvinyl  chloride,  605 
Positive  halogen,  39,  284 
Prehnitene,  583 
Prehnitenesulfonic  acid,  582 
Prevost  method,  229 
Prilezhaev  method,  230 
Prins  reaction,  383 
Propane,  chlorination  of,  29 
isomerization  of  (labeled),  20 
nitration  of,  40 

1- Propanol,  185,  190,  251 
from  n-propylamine,  522 

2- Propanol,  185,  241 
from  n-propylamine,  522 

Propargyl  alcohol,  151,  384 
trimerization  of,  71 
Propargyl  aldehyde,  369 
Propenylbenzene,  73 
/3-Propiolactone,  182,  393 
Propiolaldehyde,  369 
Propionaldehyde,  263 
from  allyl  alcohol,  72 
from  n-propyl  alcohol,  241 
from  propylene  oxide,  93 
Propionic  acid,  from  diethyl  ketone,  236 
from  ethylene,  189 
Propionic  anhydride,  446 
Propionitrile,  584 
from  propylene,  56 
Propionoin,  365 

Propionyl  chloride,  chlorination  of,  38 
o-Propiophenol,  345 
p-Propiophcnol,  345 
Propiophenone,  163,  333 
cleavage  of,  237 
n-Propyl  alcohol,  185,  190,  251 
from  n-propylamine,  522 
n-Propylamine,  522 
n-Propylbenzene,  1 73 
bromination  of,  288 
formation  of,  158,  317,  324,  361 


Propylene,  bromination  of,  31 
chlorination  of,  30 
from  isopropyl  alcohol,  87 
hydration  of,  55 
nitriles  from,  56 

reaction  with  ethyl  mercaptan,  52 
Propylene  bromide,  51 
Propylene  chlorohydrin,  53 
Propylene  glycol,  112,  262 
Propylene  oxide,  164 
Propyl  iodide,  161 
n-Propyl  sulfide,  126 
Propyne,  52 

Protocatechuic  acid,  350 
Pschorr  method,  570 
Pseudocumene,  314,  458 
Pseudo  esters,  367 
Pseudo  glycols,  240 
Pseudonitroles,  417 
Pseudopelletierine,  542 
Pulegone,  465,  474 
2,3-Pyrazinedicarboxylic  acid,  595 
Pyrazines,  373 
Pyrazoles,  549 
Pyrazoline,  549 
Pyrazolines,  473,  549 
pyrolysis  of,  474 
Pyridine,  591,  594 
amination  of,  308,  309 
bromination  of,  595 
reduction  of,  482 
2-Pyridylacetlc  acid,  172 
l-(2-Pyridyl)-2-propanol,  164 
Pyrogallol,  254,  351 
Pyrogallolcarboxylic  acid,  350,  351 
Pyrogallol  monomethyl  ether,  235,  373 
Pyromellitic  acid,  246 
Pyrrocolines,  455 
Pyrrole,  558,  590,  597 
Pyrroles,  535,  544 
Pyrrolidine,  540 
Pyrrolidines,  536 
Pyrrolines,  545 
Pyruvaldehyde,  249 
Pyruvic  acid,  544 
from  tartaric  acid,  96 

p-Quaterphenyl,  138,  260 
m-Quatordeciphenyl,  261 
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Quinaldine,  172,  597 
synthesis  of,  409 
Quinizarin,  401 

Quinoline,  animation  of,  308,  309 
bromination  of,  595 
formation  of,  408,  543 
oxidation  of,  595 
4-Quinolinecarboxylic  acid,  544 
2,4-Quinolinedicarboxylic  acid,  544 
Quinolinic  acid,  595 
Quinone,  496,  572 
as  dienophile,  61 
formation  of,  234,  243 
reaction  with  diphcny  Ike  tone,  394 
reduction  potential  of,  496 
Quinones,  495,  572 
epoxidation  of,  499 
formation  of,  243,  456 
reduction  potentials  of,  495 
o-Quinones,  600 
phenazines  from,  373 
Quinoxaline,  373 
oxidation  of,  595 
Quinoxalines,  373 
p-Quinquephenyl,  260 

Raney  iron,  254 
Raney  nickel,  253 
Raschig  process,  117 
RDX,  529 
Reductic  acid,  416 
Reductive  alkylation,  358,  372,  445 
Reductone,  416 
Reformatsky  reaction,  165 
Reimer-Tiemann  reaction,  117,  347 
Reissert’s  reduction,  147 
Resacetophenone,  346 
Resonance,  4,  13 
Resorcinol,  310,  350,  582 
hydrogenation  of,  254 
in  Bucherer  reaction,  107 
methylation  of,  331 
nitration  of,  296 
Resorcinol  dimethyl  ether,  304 
/3-Resorcylaldehyde,  341 
/3-Resorcylic  acid,  212,  350 
Retrograde  aldol  condensation,  439,  452, 
465,  469 

Ricinoleic  acid,  232 
pyrolysis  of,  18 


Robinson’s  method,  408 
Rosenmund  reduction,  263 
Rosenmund-von  Braun  nitrile  synthesis, 
129,  171 
Rubrene,  224 
Rubrene  peroxide,  224 

Safrole,  232 

isomerization  of,  73 
Salicylaldehyde,  156,  447 
chelation  of,  286 
from  phenol,  347 
oxidation  of,  235 
titration  of,  349 
Salicylic  acid,  133,  349 
iodination  of,  290 
reduction  of,  462 
Salicyl-o-toluide,  202 
Salt  bath  method,  30 
Sandmeyer  reaction,  562 
Saponification,  82,  198 
Schiemann  reaction,  564 
Schiff  bases,  105,  371,  373,  511 
Schmidt  double  bond  rule,  15 
Schmidt  reaction,  539 
Schmitt  modification,  349 
Scholl  reaction,  271 
Schotten-Baumann  method,  194,  196 
Sebacamide,  210 
Sebacic  acid,  18 
Sebaconitrile,  210,  255 
Selenium  dioxide  oxidation,  248 
Semicarbazide,  376,  510 
oxidation  of,  532 
Semicarbazones,  376 
Semidine,  535 

Separation  of  ortho  and  para  isomers,  284 
p-Septiphenyl,  260 
Serine,  104,  119 
p-Sexiphenyl,  139,  260 
Sharpies  process,  29,  111 
Side  chains,  chlorination  of,  35 
halogenation  of,  3 
oxidation  of,  245 
Skraup  synthesis,  408,  601 
Sodium  amide,  429 
Sodium  anilide,  409,  519 
Sodium  bisulfite  addition  compounds,  52 
377,  474 

structure  of,  378 
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Sodium  hydride,  421 
Sommelet  method,  120 
Son n-M tiller  method,  147 
Sorbaldehyde,  500 
Sorbic  acid,  183,  445 
Spirans,  319,  423,  488 
Spiroheptanedicarboxylic  acid,  423 
Spiropentane,  formation  of,  135 
hydrogenolysis  of,  24 
Stearic  acid,  198 
Stearolic  acid,  150 
Stearone,  213 
Stearonitrile,  430 
Stearoylbenzene,  333 
Stephen’s  method,  145 
Steric  hindrance,  395 
trans- Stilbene,  172 
Stilbene  bromide,  151 
Stilbene  chloride,  159 
Stobbe  condensation,  403,  445 
Strainless  rings,  23 
Strain  theory,  22 
Strecker  synthesis,  104 
Styphnic  acid,  296 
Styrene,  549,  551 
from  benzaldehyde,  393 
from  cinnamic  acid,  212 
from  ethylbenzene,  265,  316 
polymers  from,  614,  616 
Styrene  oxide,  230 
Substitution,  ease  of,  281 
in  aromatic  series,  273 
mechanism  of,  275 
Succinic  acid,  10 

Succinic  anhydride,  formation  of,  86,  102 
in  Friedel-Crafts  reaction,  336,  398 
in  Perkin  condensations,  449 
Succinimide,  519,  536 
degradation  of,  538 
preparation  of,  210 
Succinonitrile,  128 
Succinoylation,  336 
Sugars,  acetals  of,  369 
fermentation  of,  438 
phenylosazones  from,  376 
Sulfanilamide,  581,  586 
Sulfanilic  acid,  557 
from  aniline,  303 
Sulfenyl  chlorides,  577 
Sulfhydryl  compounds,  471 


Sulfilimines,  576 
Sulfinic  acids,  172,  567,  585 
Sulfo  group,  301,  579 
Sulfonal,  576 

Sulfonamides,  518,  536,  585,  586 
Sulfonation,  301 
reversal  of,  301,  579 
Sulfones,  301,  585,  586 
preparation  of,  575 
Sulfonic  acids,  578 
hydrolysis  of,  301,  579 
phenols  from,  581 
Sulfonic  esters,  158,  584 
Sulfonium  compounds,  578 
Sulfonyl  chlorides,  584 
Sulfoxides,  575,  576 
Sulfur  compounds,  573 
Sulfur  dioxide,  616 
as  a  dienophile,  63 
Sulfurization,  575 
Sulfuryl  chloride,  34,  289 
Synthesis  gas,  250 

Tartaric  acid,  228 
decomposition  of,  96 
Taurine,  119 
Telogen,  617 
Telomerization,  616 
Telomers,  617 
Terephthalaldehyde,  114 
Terephthalic  acid,  246 
m-Terphenyl,  261 
o-Terphenyl,  136 

rearrangement  of,  326 
p-Terphenyl,  136,  260,  317,  569 
«,a,a',a'-Tetrabromo-p-xylene,  34,  115 
Tetrachlorobenzopinacol,  361 
sym-Tetrachloroethane,  47 
Tetrachloroethylene,  141 
Tetraethyllead,  9 
Tetrafluoroethylene,  56,  70 
1,2,3,4-Tetrahydrocarbazole,  547 
Tetrahydrofuran,  128,  179 
from  1,4-butanediol,  384 
hydroperoxide  from,  218 
Tetrahydrofurfuryl  alcohol,  179,  256 
Tetnahydronaphthalene,  252,  326 
dehydrogenation  of,  265 
hydroperoxide  from,  219 
peroxidation  of,  219 
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Tetrahydropyran,  179,  257 


Tetrahydroxyquinone,  191 
Tetraiodophthalic  anhydride,  291 
Tetralin,  252,  326,  551 
dehydrogenation  of,  265 
hydroperoxide  from,  219 
peroxidation  of,  219 

1-Tetralol,  220 

1- Tetralone,  547,  552 
cyanoethylation  of,  491 
formation  of,  220,  398,  403 

2- Tetralone,  254 

Tetramethylammonium  hydroxide,  539 
Tetramethyl-l,2,3-cyclopentanetrione, 
115,  352 

Tetramethylene  chlorohydrin,  179 
Tetramethylethylene,  91,  189 
Tetramethyllead,  9 
Tetranitroaniline,  296 
Tetranitromethane,  43 
Tetraphenyl-l,2,3-butatriene,  145 
Tetraphenylcyclopentadienone,  68 
Tetraphenylethane,  46,  134 
cleavage  of,  13 
Tetraphenylethylene,  588 
sodium  derivative  of,  46 
1 , 1 ,6,6-Tetraphenyl- 1 ,3,5-hexatriene,  588 
Tetraphenylphthalic  anhydride,  68 
Tetryl,  296,  510 

2- Thenaldehyde,  121,  344,  380 

3- Thenaldehyde,  121 
Thenaldehydes,  121 
2,2'-Thenion,  380 

3-Thenyl  bromide,  34 
2-Thenyl  chloride,  322 
Thioacetals,  361 
Thioaldehydes,  382 
m-Thiocresol,  566 
Thiodiglycol,  126,  182 
Thiodiglycolic  acid,  126 
Thio  ethers,  125 

oxidation  of,  575 
Thioketones,  382 
Thiolacetic  acid,  195 
Thiolbenzoic  acid,  574 
Thiophene,  339,  589,  598 
alkylation  of,  315 
from  butadiene,  269 
from  n-butane,  269 
metalation  of,  304 
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Thiophene,  mercuration  of,  305 
nitration  of,  292 
Thiophenol,  573,  585 
Thiophenols,  162,  566,  585 
determination  of,  574 
Thiophosgene,  530 
Thiosalicylic  acid,  567 
Thiourea,  122,  526,  567 
Thioureas,  526 
Thorpe’s  reaction,  460 
Three-carbon  system,  99,  232 
Threonine,  119,  207 
determination  of,  241 
Thymol,  298 
Thymoquinone,  244 
Tischenko  reaction,  258,  359 

TNA,  296 

TNB,  283,  307,  308,  510 
preparation  of,  292 

a-TNT,  292,  294,  501,  510,  529 

13- TNT,  293 

7-TNT,  293 

TNX,  294,  510 

Tolan,  151 

Tolan  tetrachloride,  159 
Tollens  condensation,  451 
Tollens  test,  226 
m-Tolualdehyde,  245 
o-Tolualdehyde,  121 
from  o-toluanilide,  147 
p-Tolualdehyde,  146,  340 
o-Toluamide,  203 
Toluene,  amination  of,  309 
benzonitrile  from,  56 
bromination  of,  34,  287 
chlorination  of,  33,  35 
from  acetylene,  71 
from  cycloparaffins,  20,  268 
from  n-heptane,  270 
from  petroleum,  267 
mercuration  of,  305,  306 
nitration  of,  278,  293 
p-Toluenesulfonamide,  536 
m-Toluenesulfonic  acid,  301 
o-Toluenesulfonic  acid,  301 
p-Toluenesulfonic  acid,  301 
o-Toluenesulfonyl  chloride,  302 
P-Toluenesulfonyl  chloride,  584 
o-Toluic  acid,  203,  246 
p-Toluic  acid,  246 
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m-Toluidine,  528 
diazotization  of,  520 
o-Toluidine,  diazotization  of,  520 
sulfonation  of,  303 
p-Toluidine,  206,  526,  561 
diazotization  of,  520 
from  methylaniline,  534 
Toluidines,  118,  309 
o-Tolunitrile,  563 
p-Tolunitrile,  563 
4-o-Toluquinone,  244 
o-Tolylcarbinol,  173 
p-Tolylcarbinol,  358 
p-Tolyl  carbonate,  278 
a-p-Tolylpropionaldehyde,  443 
p-Tolyltliiourea,  526 
Transannular  peroxides,  224 
ra-Tredeciphenyl,  261 
Triacetoneamine,  473 
Triacetylbenzene,  458 
Triace tylmethane,  416 
Triad  system,  99,  232 

1.3.5- Triaminobenzene,  415 
Triarylmethyls,  13 
Triazoles,  551 
Tribiphenylcarbinol,  165 

2.4.6- Tribromoaniline,  287 
diazotization  of,  521,  561 

1.3.5- Tribromobenzene,  561 

2.4.6- Tribromobenzenesulfonic  acid,  579 

2.4.6- Tribromophenol,  39 

1,2,3-Tribromopropane,  47,  149 
Tri-Ubutylcarbinol,  175 

2.4.6- Tri-Ubutylphenol,  79 
Tricarballylic  acid,  199,  484 
Trichloroacetic  acid,  78,  226 
Trichloroacetonitrile,  343 

2.4.6- Trichlorobenzamide,  524 

2.4.6- Trichlorobenzoic  acid,  524 

1.1. 2- Trichloroethane,  47 
Trichloroethyl  alcohol,  175,  355 

1.2.3- Trichloropropane,  47 
Tridecanoic  acid,  204 
Tridecanonitrile,  127 
Triethanolamine,  182 
Triethylamine,  485 

1,3,5-Triethylbenzene,  325 
Triet  hy  lcarbinol,  165 
Triethylene  glycol,  182 
Trifluoroacetic  acid,  337 


2, 4, 6-Trihydroxy  benzoic  acid,  415 

3.4.5- Triiodobenzoie  acid,  564 

1 . 2. 3- Triiodo-5-ni  trobenzene,  564 

1.3.5- Triisopropylbenzene,  322,  325 
Triisopropylbenzyl  chloride,  322 
Triisopropylcarbinol,  176 
Trimesic  acid,  245 

Trimethy lacetaldehyde,  93,  175,  188,  238 
in  Cannizzaro  reaction,  357 
Trimethy lacetic  acid,  172,  213,  464 
Trimethy lamine,  103,  539 

2. 2. 3- T rimethylbutane,  57,  60,  189 

2.4.6- Trimethyicinnamic  acid,  448 
1,1, 2-T rimethylcy clopropane,  474 
Trimethylene  bromide,  51,  124 
Trimethylene  carbonate,  607 
Trimethylene  chlorobromide,  128,  318 
Trimethylene  chlorohy drill,  241 
Trimethylene  glycol,  262 
Trimethylene  oxide,  162 
Trimethy  lethylene,  112 

2.2.4- Trimethylpentane,  69 

2.3.5- Trimethylphenol,  332 

2.4.6- Trinitroanisole,  351 

2.4.6- Trinitrobenzaldehyde,  511 

1.3.5- Trinitrobenzene,  283,  307,  308,  510 
preparation  of,  292 

2.4.6- Trinitrobenzoic  acid,  212,  245, 
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2.4.6- Trinitrobiphenyl,  139 

2.4.7- TrinitroHuorenone,  293 
Trinitro-w-phenylenediaminc,  296 

2.4.6- Trinitrostilbene,  294,  502 

2.4.6- Trinitrotoluene,  292,  294,  501,  510, 

529 

Trinitro-m-xylene,  294,  510 
s-Trioxane,  2,  610 
cleavage  of,  179 
Trioxymethylene,  2,  610 
cleavage  of,  179 
Tripentaerythritol,  452 
Tripheny lacetic  acid,  391 
Triphenylamine,  120 

1,3,5-Triphenylbenzene,  457  - 
Triphenylcarbinol,  80,  165,  318 
acetylation  of,  195 
Tripheny  lene,  136 
structure  of,  604 
Tripheny lethanone,  394 
Triphenylethylene,  88 
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Triphcnylmethane,  464 

preparation  of,  317,  320  t 

Triphenylmethyl,  14,  134 
Triphenylmethyl  chloride,  110,  195,  317 
Triphenylmethyl  peroxide,  217 
Triphenylmethylsodium,  428,  433 
as  reagent  for  active  hydrogen,  156 
ionization  of,  14 
preparation  of,  133 
Triptane,  57,  60,  189 
Triptene,  57 
Triquinoyl,  191 
Trisulfides,  574,  575 
si/m-Trithiane,  383 
Trityl  ethers,  80,  110 
%  a-Truxillic  acid,  27,  69 
Twinned  carbonyl  groups,  364 
test  for,  236 

Ullmann  method,  137 
Undecenyl  acetate,  51 
Undecenyl  alcohol,  52 
m-Undeciphenyl,  261 
Undecyl  alcohol,  162 
Undecylamine,  537 
Undecylenic  acid,  18 
Undecyl  isocyanate,  539 
Urea,  525,  539,  567 
reaction  with  nitrous  acid,  524 
Urea-formaldehyde  polymers,  611 
Urea  nitrate,  528 
Ureas,  525,  526 
Urethans,  196 


Vinylation,  74 
Vinylcarbazole,  76 
Vinyl  chloride,  605 
from  acetylene,  74 
from  ethylene  chloride,  148 
Vinyl  chloroacetate,  75 
4-Vinylcyclohexene,  66 
pyrolysis  of,  67 
Vinylcyclobctatetraene,  72 
Vinyl  dehydration,  92 
Vinyl  esters,  75 
Vinyl  ethers,  75 
Vinylidene  chloride,  141 

from  ethylene  chloride,  30,  148 
Vinylite  polymers,  615 
Vinyl  laurate,  201 
Vinyl  methacrylate,  75 
Vinylnaphthalenes,  65 
Vinylogs,  145,  349,  500,  521 
Vinylogy,  500 
Vinyl  oleate,  201 
Vinyl  polymerization,  71,  612 
2-Vinylpyridine,  489,  596 

Wagner  rearrangement,  91 
Walden  inversion,  109,  111 
Weizmann  fermentation  process,  438 
Widman-Stoermei  synthesis,  572 
Willgerodt  reaction,  385 
Williamson’s  ether  synthesis,  81,  123 
Wolff-Kishner  method,  361 
Wurtz-Fittig  reaction,  137 
Wurtz  reaction,  133 


/i-Valeraldehyde,  610 
S-Valerolactone,  607 
n-Valeronitrile,  127 
Valine,  119 
Vanillic  acid,  227 
Vanillin,  232 
from  guaiacol,  347 
Van  Slyke  method,  524 
V eratraldehyde,  358,  513 
Veratramide,  537 
Veratronitrile,  513 
Versene,  104 
Vinyl  acetate,  74 
Vinylacetic  acid,  141 
Vinylacetylene,  71,  75 
Vinylanisole,  323 


Xanthate  reaction  for  olefins,  90 
Xanthates,  90,  566 
m-Xylene,  294 

o-Xylene,  bromination  of,  33,  287 
oxidation  of,  246 
p-Xylene,  550 

hydroperoxide  from,  220 
Xylene  musk,  294 
3,4-Xylenol,  581 
o-Xylyl  bromide,  33 
m-Xylyl  chloride,  35 
o-Xylylene  bromide,  33 


Zaytzeff  rule,  148 
Zeisel  method,  178 
Ziegler  bromination  method,  31,  310 
Zwitterion,  303 
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